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Cocoa butter (CB) imparts most of the key sensory and stability characteristics in 
chocolate, when crystallised in the β-V form. However, current processing methods 
can still be improved, since they do not account for the inherent compositional 
variations observed in products from different origin. Therefore, in-depth knowledge 
of the nanostructure of CB, and the different parameters affecting CB crystallisation 
is indispensable for new technologies to be developed. Two of these parameters 
which remain, surprisingly, under-reported are the temperature at which CB is 
molten prior to its crystallisation and application of medium pressure (<1000 bar).  
The nanostructure of the three main polymorphs of CB were determined from X-ray 
scattering experiments, and a novel structure in liquid CB is proposed. This is 
followed by the study of the effect of three thermal pre-treatments (50, 80 or 110 °C), 
using a multi-technique approach. Here, it was observed that by using a higher Timax, 
the crystallisation of the meta-stable phases was delayed, whereas the formation of 
the β-V was enhanced, which is desirable for chocolate production. The differences 
between the 50 °C treatment and the other two treatments have been associated with 
the presence of crystallites of fully saturated TAG, DAG and MAG species, 
respectively.  
The effect of pressure was analysed by applying 100 to 600 bar to CB, which was 
subsequently cooled to 24, 26 or 28 °C, respectively. Initial post-processing analysis 
showed encouraging results, as crystallisation of the β-V form appeared to be 
enhanced. However, these findings were not confirmed by in-situ experiments, 
where only the development of α-polymorphs was observed during pressurisation, 
which subsequently melted, to different extent, upon releasing the pressure. The 
observed differences might be caused by design-related issues of the pressure-
treating machine used in the initial experiments. 
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Cacao products have been highly desirable and valued throughout history. The cacao 
plant was domesticated ca. 1500 B.C. and used by Mayans to prepare a hot beverage 
with water. Eventually, it reached the Aztecs who used the cacao bean as currency 
and reserved the bitter beverage for the elite and important religious celebrations1-4. 
When Christopher Columbus first arrived to the Americas, he did not export the 
beverage, even if he did take some cacao beans with him back to Europe. It was not 
until Hernán Cortéz conquered what is now known as Mexico that the Spanish 
started including the cacao brew in their daily lives, making it more palatable by 
preparing it with milk rather than water, and adding sugar and other ingredients. By 
the 17th century, it had become a popular drink for the higher classes, not only in 
Spain, but also in England and the Netherlands. This led to the extension of the 
production of the cacao to Dutch colonies in Africa, where most of the world 
production comes from today1, 2. 
By the mid-19th century, Fry & Son’s decided to develop a new type of confectionery 
based on the cacao bean, giving birth to the chocolate tablet. Regardless, it was not 
fully accepted until Daniel Peter added milk to the mix, making the product more 
palatable to the European. In addition, Lindt’s development of a process called 
“conching” allowed for the chocolate tablet to have a smoother and less acidic 
flavour, thus giving the finishing touches to what we know today simply as 
“chocolate” 1-3, 5. 
  
2 
According to the Food Standards Agency6, chocolate is  
… the product obtained from cocoa products and sugars which…contains not 
less than 35 percent total dry cocoa solids, including not less than 18 percent 
cocoa butter and not less than 14 percent of dry non-fat cocoa solids. 
For manufacturing chocolate, a recipe has to be defined, i.e. the proportions of cocoa 
product, and sugars, in the case of dark chocolate. Then, the ingredients are weighed, 
mixed, and milled to ensure a uniform particle size that will prevent a gritty texture 
in the final product. After milling, the chocolate mass is conched 7, 8. This process is 
based on continuous heating and shearing, and can be divided into three stages7-9: 
1. Dry conching, where the water and undesirable volatile components are 
removed from the chocolate masse. 
2. Pasty phase, where the chocolate masse is transformed into a thick paste, and 
the sugar particles are coated with fat. This ensures a smooth texture in the 
final product. 
3. Liquid conching, which consists of the application of high-speed shearing 
and lower temperatures are used. Emulsifiers, such as lecithin, can be added 
to ensure the correct flow properties for the following stage. 
Once a fluid chocolate mass is obtained, it can be used for enrobing or panning. 
However, if a chocolate tablet is to be produced, a final processing step is needed, 
i.e. tempering.  
Tempering has as main objective to ensure that cocoa butter (CB) crystallises into 
the correct crystal form (β-V). The characteristics of good temper are high gloss, 
good mould release, good snap, cooling effect when melting in the mouth, and 
stability at ambient temperatures below 30 oC. If other crystal forms are present, 
production, sensory, and stability problems arise, i.e. de-moulding problems, dull 
and/or a whitish surface (bloom), and room temperature melting point (20 °C - 
25 °C).  
Traditional tempering involves four steps10: 
1. Melting of the chocolate (maximum of 50 °C). 
2. Cooling to the crystallisation point. 
3. Further decrease of temperature to favour crystallisation growth (26-29 °C). 
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4. Mild heating to melt the less stable polymorphs, so that only β-V crystals 
remain (29-32 °C).  
After tempering, the chocolate is poured into moulds, cooled and stored to allow 
further crystal growth. 
Note should be taken that traditional tempering, though being the industry standard 
method, is not completely efficient, hence, the development of bloom and other 
problems are still to be surmounted. This can be explained by tempering not giving 
consistent results as it is not easily adaptable to different chemical compositions of 
CB, thus resulting in products with different proportions of β-V and less stable 
crystals. 
 
Nowadays, chocolate is consumed worldwide with a particularly high demand from 
Western Europe. However, the consumption in this region seems to have reached its 
peak (between 7 and 9 kg/year/person) and is expected to stop growing or even 
decline. Regardless, emerging economies (MINT and BRIC countries) have started 
to increase their chocolate consumption, mainly due to the sales of more economic 
versions of the leading brands, in addition to the economic growth and/or large 
populations of such countries11. In fact, overall demand of cacao beans increased 
13% between 2010 and 2015 12, 13, and is expected to keep increasing as chocolate 
demand in Asia keeps growing14. 
Unfortunately, this increase in demand is not parallel to an increase in cacao bean 
production, but rather the opposite. As most of the world’s production comes from 
West African countries such as Ivory Coast and Ghana, political instabilities heavily 
affect cacao bean availability. Moreover, the increase in world temperature has led 
to poor yield crops, and if the predicted annual 2°C increase continues13, some 
countries will not be capable of producing cacao beans any longer. Problems with 
cacao bean production have already caused an increase in prices, and if the yield 
problems continue, farmers might switch to higher yielding, and more profitable 
crops, further decreasing cacao bean availability13. 
4 
Moreover, CB composition varies according to the region of origin, thus resulting in 
softer CB from South America, harder CB from Asia and Oceania, and intermediate 
soft CB from Africa and North America15-17. The composition does not only affect 
the final consistency of the CB, but also the crystallisation times, the softer the CB, 
the slower it crystallises, and vice-versa. This suggests that growing cacao trees 
under different temperatures affects the physical characteristics of CB. Therefore, in 
addition to a declining production, the chocolate industry will need to adapt its 
chocolate processing methods to account for such differences.  
 
From the previous, the importance of cocoa butter (CB) in the chocolate industry 
context is evident. Namely, it is the key ingredient of chocolate (ca. 33%) that 
provides it with its characteristic gloss, brittle texture and its sharp melting profile 
when consumed18, 19. However, these properties can only be obtained when CB has 
crystallised in the sufficiently stable polymorphic structure i.e. in the β-V form. This 
form is usually obtained through tempering. However, it is complex, energy 
consuming, and not adaptable to current changes in CB’s composition. Therefore, it 
is important to develop a deep understanding of the crystallisation of CB, so that the 
tempering process can be made more efficient. 
CB is the fat component of the cacao bean (Theobroma cacao). To obtain it, the 
beans are fermented, dried, roasted, and winnowed (i.e., the shell is separated from 
the rest of the bean) resulting in roasted cocoa nibs that have already developed the 
aromatic compounds necessary for a good flavoured chocolate product. The cocoa 
nibs are then ground into a cocoa mass or liquor that is then pressed to extract the 
CB. It can then undergo further processing to eliminate certain aromatic compounds 
that are not desirable for certain applications, such as for the processing of white 
chocolate 7.  
Table 1.1 Lipid composition of CB (%) (adapted from 17).  
Triacylglycerols Free Fatty Acids Diacylglycerols Phospholipids Glycolipids 
95.77-97.92 0.87-1.04 0.81-1.39 <0.1-0.3 0.3-1.5 
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CB is composed of a variety of lipids (Figure 1.1 and Table 1.1) of which the main 
species is triacylglycerols (TAGs). From these, three species represent 75 to 97%15, 
17: 1-palmitoyl-2-oIeyl-3-stearoylglycerol (POSt), 1,3-distearoyl-2-oIeylglycerol 
(StOSt), and 1,3-dipalmitoyl-2-oIeylglycerol (POP). Though the previous TAGs are 
the largest contributors to CB’s crystal behaviour, CB’s minor components, in 
particular fully saturated TAGs, and phospholipids (PLs), also play an important role 
as will be discussed later in the thesis20. 
 
Figure 1.1 Basic molecular structures of A) triacylglycerols (TAGs), B) phospholipids (PLs), 
C) diacylglycerols (DAGs), where R1 to R3 represent different hydrocarbon chains, and 






Crystals are anisotropic solids formed by a series of particles arranged in a symmetric 
pattern. They are commonly described by four main units21: 
Asymmetric unit: particle (molecules or atoms) from which the crystal is formed. 
Space lattice: basic 3D structure of a crystal. It is an infinite series of points arranged 
in such a way, that the same “pattern” can be observed around any reference point21. 
Bravais postulated that only 14 lattices could be geometrically obtained, and they 
were grouped according to their symmetry, hence obtaining seven different groups 
(Table 1.2) which are described by the length of their axes and the angles between 
them (Figure 1.2). In addition, their capacity to interpenetrate lead to a total of 230 
possible combinations22. Further, 32 sets of symmetry operations are used to 
characterize three-dimensional lattices (point groups). Including also translational 
symmetry operations 230 space groups can described22.  
Crystal structure: group of asymmetric units in a symmetric order, remaining the 
same for each lattice point. 
Unit cell: the basic unit of a crystal containing all its symmetry elements. Through 
its translational displacement, the complete crystal can be formed. 
 
Figure 1.2 Diagram depicting the three crystallographic axes a, b, c, and the corresponding 
angles α, β, γ within a unit cell21. 
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Table 1.2 The seven crystal systems and Bravais lattices (adapted from Mullin and 








Regular α=β=γ=90° a=b=c Cube 
Body-centred cube 
Face-centred cube 
Tetragonal α=β=γ=90° a=b≠c Square prism 
Body-centred square prism 




Body-centred rhombic prism 
Monoclinic α=γ=90°≠β a≠b≠c Monoclinic parallelepiped 
Clinorhombic prism 
Triclinic α≠β≠γ≠90° a≠b≠c Triclinic parallelepiped 
Trigonal α=β=γ<120°≠90° a=b=c Rhombohedrum 
Hexagonal α=β=90°γ=120° a=b≠c Hexagonal prism 
 
Fat crystallisation requires the occurrence of two main steps: nucleation and crystal 
growth 23. As crystal growth continues, a crystal network is formed, obtaining a fully 
crystalline material.  
This process can be described in both, thermodynamic and kinetic terms. The final 
solid is thermostable, if the temperature of the system is taken below Tm. Once 
energetic barriers are overcome, the diffusion of molecules in the different, apparent 
phases as well as their aggregation and arrangement need to be considered23. Both 
crystallisation steps affect the nucleating polymorph and potentially lead to 
compositional gradients within the crystals or to alterations in the packing of the 
components throughout the growing stage. 
 
Nucleation is the critical step, for as long as a stable embryo (nucleus) is not formed, 
growth cannot occur. It can be described in both thermodynamic and kinetic terms. 
Thermodynamic terms are necessary, for when the melt is cooled down the solid 
phase is the most stable one. However, since the process is in principle slow, and the 
transition is not spontaneous, kinetic factors need to be considered 24 as they 
8 
determine which polymorph will be the first to nucleate, as will be discussed 
afterwards, the presence of composition gradients within the crystals, and the crystal 
perfection, i.e. the degree of defects in the lattice. 
During nucleation, the melt organises in domains which, have a decreased energy 
across their volume, but due to the new interface between the crystal and the melt 
present a higher surface energy. Thus a critical nucleus size, where an energy balance 
is reached (equation. 1), is necessary for crystal growth to occur. Before this critical 
size is obtained, the particles are called embryos rather than nuclei, and they melt 
before the crystal can grow. However, if these embryos gain atoms in a rate that 





𝜋𝑟3∆𝐺?̅?  ( 1 ) 
where r is the radius of the cluster, γ the surface tension, and ∆𝐺?̅? is the decrease of 
free energy per unit volume due to the enthalpy of fusion. 
The ∆𝐺𝑛𝑢𝑐𝑙𝑒𝑢𝑠 term increases until the critical nucleus size (r*) is obtained, after that, 
higher r values decrease ∆𝐺𝑛𝑢𝑐𝑙𝑒𝑢𝑠 making the crystal growth possible 
23. 
Considering that at r* ∆𝐺𝑛𝑢𝑐𝑙𝑒𝑢𝑠 is zero, and that ∆𝐺?̅? = ∆𝜇/?̅?, the activation energy 






  ( 2 ) 
where Tm is the melting temperature of a specific polymorph, ∆𝐻𝑚 its enthalpy of 
fusion, T the crystallization temperature and V the molar volume of the nucleus.  
However, whilst the previous provides information on the energy balances, the 
nucleation rate needs to be calculated as well, for the diffusion of molecules to the 
nucleus represents a barrier. Furthermore, the entropy loss due to the molecules 
incorporation into the nucleus, as well as the probability of a fraction (α) of a 
molecule to be in the correct conformation (
−𝛼∆𝑆𝑖
𝑅
) need also be considered. These 











)  ( 3 ) 
where KB is the Boltzman’s constant, R the gas constant, T the crystallization 
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The previous equations are only valid for homogeneous nucleation. However, 
heterogeneous nucleation can also occur, and in fact, it is relatively more common 
due to the presence of impurities. These impurities help induce nucleation by acting 
as catalytic sites, thus reducing the energy barrier and the supercooling required24.  
 
As mentioned before, once stable nuclei are obtained, crystal growth can occur. This 
step is affected by a variety of factors, of which the chain length and mass transport 
rate are the most relevant. In terms of chain length, the longer TAGs fatty acids, the 
slower the growth rates. Regarding mass transport, as the solid fat content starts to 
increase, so does the viscosity, thus hindering the molecular diffusion towards the 
nuclei 23, which in turn decreases the growth rate. Therefore, crystal growth occurs 
at a faster rate in the initial stages and slows down as crystallisation progresses. 
 
Regardless of the type of nucleation and crystal growth rate, vegetable fats are known 
to have a polymorphic nature. This polymorphism causes high sensitivity to 
temperature differences, due to the range of melting points of each crystal form23. 
A polymorphic fat is defined as one that is capable of aggregating in different 
crystalline arrangements, whilst maintaining its chemical identity22. The three basic 
polymorphs are named α, β’, and β. To identify them, X-ray scattering techniques 
are used. The sample is irradiated with an X-ray beam which then becomes scattered 
creating an interference pattern, which provides the orientation and distances 
between the atoms/molecules. The repetitive distances can be obtained in the case of 
constructive interference of scattered X-rays (diffraction), i.e. when Bragg’s 
equation (equation 4) is fulfilled 25, 26.  
2𝑑 ∙ 𝑠𝑖𝑛 𝜃 = 𝑛 ∙ 𝜆  ( 4 ) 
where d is the spacing between each layer of the crystals, θ is the angle of incidence, 
and λ the wavelenght of the x-rays as observed in Figure 1.3 
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Figure 1.3 Diagram of the geometry of the reflection of X-rays from crystal planes, used for 
the derivation of Bragg’s Law. 
Due to the periodicity of crystal structures, characteristic patterns can be observed in 
the wide and small angle regions, which correspond to the short and long spacings, 
respectively. The long spacings in the case of TAGs relates to lamellar layering of 
the molecules with each layer extended over either two or three hydrocarbon chain 
lengths, also known as double (2L) or triple (3L) stacking (Figure 1.4B), while their 
short spacings indicate their sub-cell structure (Figure 1.4 A and Table 1.3). A more 
detailed description on X-ray scattering is provided in the following chapter, though 
for in-depth explanations, the reader is referred to the SAXS Guide provided by 
Anton Paar26. 
Table 1.3 Characteristic short spacings of the three basic polymorphs 23, 27. 
Polymorph Packing Short spacing 
α Hexagonal (H) Single at ca. 0.415 nm (s) 
β’ Orthorhombic (O┴) At least one at 0.38 nm (s) and one at 0.42 nm (s) 
β Triclinic (T//) 0.46 nm (vs), and peaks in the range of 0.36 to 
0.39 nm (s) 
  
 
Figure 1.4  A) Packing of TAG polymorphs: hexagonal (α form), orthorhombic (β’ form) 
and triclinic (β form) crystals. B) Stacking of TAGs, i.e. the thickness of the lamellar 
structure is either in the order of twice the length of one hydrocarbon chain (2-L) or roughly 
three times its length (3-L). 
Usually, the metastable polymorphs (α- and β-phases) can be crystallised directly 
from the melt, and will eventually transform into the most stable polymorph via 
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solid-solid or melt-mediated transformations (Figure 1.5), with the last transition 
being irreversible23, 28 as fats are of a monotropic nature. This means that at any given 
set of temperature or pressure conditions, only one phase (β-form) is the most stable 
one. 
 
Figure 1.5 Relative stability of two polymorphic forms showing (1) solid-solid and (2) melt-
mediated transformation pathways, and their corresponding transformation activation 
energies (∆G#). Adapted from reference29. 
The previous behaviour is the core of the Ostwald rule of stages30, which states that 
the less stable polymorphs crystallise faster as they represent a local minima of free 
Gibbs energy (Figure 1.5), and will preferentially transform stepwise to more stable 
forms during storage. However, different external factors can have an influence on 
this behaviour, such as the crystallisation temperature, cooling rates, as by 
maintaining the temperature above that of the metastable phases, or using slower 
crystallisation rates, direct nucleation into more stable phases, such as the β’, can be 
induced31, 32. However, this process can be expected to occur more slowly due to the 
larger energetic barrier, as observed in Figure 1.5, unless the sample is seeded with 
a specific polymorph, thus acting as a template for the developed crystalline 
structures33 
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Once the TAGs form lamellar structures, they are expected to stack forming what 
has been defined as crystal nanoplatelets (CNPs)34 with a variety of size and shapes 
depending on the TAG composition and the specific process applied. These CNPs 
are thought to be mainly insoluble in the liquid oil (less than 0.1 mol fraction in the 
case of tristearin in triolein at approximately 47 °C35 , which are coated either 
partially or totally, thus determining the way that CNPs can further aggregate. This 
aggregation is caused by Van der Waals forces, leading to the formation of 
cylindrical clusters named TAGwoods36. These TAGwoods then aggregate further, 
first by Diffusion Limited Cluster Aggregation, and then, if sufficient time is 
allowed, via Reaction Limited Cluster Aggregation resulting in uniformly distributed 
aggregates36-41. 
The full crystallisation process can be affected by a variety of factors such as cooling 
and heating rates, temperature of crystallisation, pressure, sonication, and shearing32, 
42 through mechanisms that have been extensively reviewed elsewhere29. The focus 
of this thesis lies on thermal pre-treatment, and pressure supported CB processing. 
 
Different cooling rates and crystallisation temperatures have been observed to alter 
lipid crystallisation strongly, from nucleation times and crystal growth (size) to 
morphology, polymorphism (both nucleating structures and posterior transitions), 
and ultimately, the crystal network. The effect of different thermal treatments has 
been widely studied in a variety of lipids, ranging from pure TAGs, fully saturated 
or mixed saturated-unsaturated, through binary mixtures 43-46 47, 48, to natural fats 
from animal and vegetable origin 49-59. 
The cooling rates studied so far range from 0.1 °C/min to 20 °C/min, and whilst the 
effects of specific cooling rates vary depending on the system under study, results 
are in agreement on the effects of slow (less than 1 °C/min) and intermediate, or even 
fast cooling rates (above 5 °C/min). 
Slower crystallisation rates result in crystallisation starting at higher temperatures 
and subsequently into more stable forms, sometimes skipping altogether the α-
polymorph, and frequently in a mix of β’ and β-polymorphs 53. The effect on 
polymorphism is not limited to the nucleating form, but also in later transformation 
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on heating. In addition, the induction time (time required for the first crystals to be 
detected60), crystallisation enthalpy (possibly related to the crystallisation of more 
stable polymorphs) and crystallisation rate are increased with slower cooling rates, 
as observable by small- and wide-angle X-ray scattering (SAXS and WAXS), 
polarised microscopy (PLM), solid fat content (SFC) determinations, and DSC 
measurements. At the lower rates slower nucleation processes have been observed 
to cause fractionation in complex systems such as lard and anhydrous milk fat 50, 51.  
Related to the structural effects of the cooling rate, small, tightly packed crystals are 
frequently observed with higher cooling rates, whilst using slower cooling rates leads 
to a lower number of nuclei, which allow the formation of larger crystals, as observed 
by microscopy55. This is relatable to the observed effects on rheology and mechanic 
properties50, 61. With a faster cooling rate, the viscosity increases from the start due 
to the higher number of nuclei formed that reduce the amount of liquid oil present. 
Moreover, a higher final hardness is observed, which is related to the tighter packing, 
and more homogeneous structure of the crystals, as it is observed after several days49, 
50, 55, 62. 
The increased nucleation rate during the faster cooling rates has been attributed to 
an increased crystallisation driving force due to higher supercooling levels reached 
in less time, i.e. due to the higher ΔT, thus reducing the energy barriers. This 
increased nucleation, as stated before, causes a rise in viscosity which reduces 
diffusion, and consequently the crystallisation rate and growth29, 63.  
The previous also explains why faster cooling rates result in less stable polymorphs. 
Given that lower temperatures are reached earlier on than in the slower rates, 
crystallisation can occur in a shorter time frame. Consequently, only structures with 
lower energies of activation, that is following the Ostwald rule, only metastable 
polymorphs (mainly α-form) can be obtained32. In contrast, when slower cooling 
rates are used, the sample is held for enough time at temperatures representing 
undercooling for the α-polymorph but supercooling for the more stable forms (β’ and 
or β), hence overcoming the larger energy barriers of the latter58.  
Similarly to the application of very fast cooling rates, when using low crystallisation 
temperatures (<-15 °C) a mix of γ- and α-phases develop, whereas by increasing this 
temperature to up to 22 ° CB and milk fat has been observed to nucleate initially into 
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the α-form, and eventually transformed into the β’ and β-phases64-68. However, on 
applying a higher temperature (22-26 °C) a behaviour parallel to that of slower 
cooling rates is observed, i.e. direct nucleation into the β’ phase56, 65-68. The latter is 
expected as the temperatures lie above the Tm of the α-phase, i.e. the sample is not 
kept at the supercooling necessary for this polymorph to nucleate. 
 
Most work on the effects of pressure on the structure and properties of lipids has 
been performed on FAs and DAGs. Though FAs lack the glycerol backbone which 
restrict the mobility of the hydrocarbon chains, their study still provides valuable 
insights into the potential effects of pressure on TAGs. 
Kos et al 69, observed through light scattering studies that at approximately 300 bar 
the transmission of light reached a minimum. This happened alongside an increase 
in scattered light and an increase of temperature, which indicates either a phase 
change, or a “molecular collapse”. However, when the sample was heated to 60 °C, 
such phase transition was no longer observed even when reaching 3000 bar 70. 
Furthermore, it was not only during the increase of pressure that an effect was 
observed. Tefelski et al. 71 using particle image velocimetry, observed two phases: 
liquid and solid, during decompression. Also, Kościesza et al. 72 observed that 
although a phase transition was evident in oleic acid under pressurised conditions, 
the surface looked very irregular, suggesting a poorly packed crystal. Regardless, 
once decompression started, the surface of the crystal looked smooth suggesting that 
a better packing had been reached. The first phenomenon would be expected, for if 
crystallisation occurs faster when applying pressure, there would not be enough time 
for molecules to arrange in a perfect packing, but rather are “immobilised” or 
compressed in a similar arrangement to the liquid form. Once decompression occurs, 
molecules might recover some mobility, allowing them to arrange into a more 
energetically favourable packing, through a solid-solid transformation. 
To gather further insights on the phase transition in DAGs, Kiełczyński et al. 73 
measured the viscosity at different pressures (up to 5000 bar). They applied pressure 
using a piston, which was then locked in a specific position. Once it was locked, the 
pressure initially remained constant while viscosity increased. This behaviour was 
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followed by a decrease of pressure, accompanied with an almost constant viscosity, 
which was related to a phase transition. Eventually, the pressure stabilised once more 
suggesting the end of the phase transition. Interestingly, the transition was slower at 
higher temperatures, confirming what had been previously observed in oleic acid, 
i.e. the use of high temperatures can hinder the phase transitions promoted by 
pressure70. 
In another paper, the isothermal and adiabatic compressibility of DAGs under 
pressures up to 6000 bar was studied 74. It was observed that both types of 
compressibility decrease with increasing pressure. In addition, through adiabatic 
compressibility they obtained the bulk modulus, which increased with pressure and 
approaches values characteristic of solid materials after the phase transition observed 
through sound velocity measurements  
The effect of pressure in TAGs and vegetable oils has also been studied in terms of 
their physicochemical properties and of crystallisation. When observing the effect of 
pressure (up to 8000 bar) on the viscosity of triolein75, 76, a similar behaviour to that 
of DAGs was evident, i.e. at a certain point the pressure dropped and the viscosity 
kept increasing, suggesting a phase transition. Moreover, the specific volume, 
isothermal compressibility and thermal expansivity of olive oil and sunflower oil 
have been studied77 at pressures up to 3500 bar. The three parameters decrease as 
pressure increases, similar to what was observed in DAGs74. Finally, the melting 
temperature of TAGs increase with pressure, at least up to 450 MPa78, 79. In terms of 
crystallisation, it has been observed that when applying 1500 to 7500 bar, triolein 
and trilaurin crystallise and the measured induction times decreased with increasing 
pressure 78, 80. Contrariwise, the crystal growth rate decreased with applied 
pressure79.  
From the previous, it can be concluded that pressurisation helps induce 
crystallisation in TAGs in low specific volume forms due to the pressure-volume 
product contributing to the energy barrier to nucleation. Smaller (more negative) 
values of this product favour nucleation. This is in agreement with Le Chatelier’s 
principle81 which states that an increase in pressure results in a decrease of volume 
in the system. In most cases the solid is the state with a lower specific volume, hence 
the equilibrium shifts from the liquid phase to solid (crystalline) phase, thus raising 
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the melting point (Tm)
81. This increase of the Tm is further explained by the Clausius-







 ( 5 ) 
where ∆Tm is the change in melting temperature as pressure is increased, ∆P is the 
pressure change, ∆V the molar volume change, and ∆S is the change in entropy both 
expected to be positive as they decrease upon solidification 82, 83. As long as ∆V > 0, 
when pressure is applied the thermodynamic barrier decreases due to δσ/δP < 0 
(where δσ is the change in specific interface energy) and an increased chemical 
potential driver (Δµ), as extensively discussed by various authors 82, 84, 85. 
However, pressurisation also hinders molecular transport, as observed in self-
diffusion simulations that showed that this parameter decreased with increasing 
pressure86, and by the increased viscosity at higher pressures73, in other words, the 
kinetic barrier is increased.  Therefore, though increasing the pressure induces the 
onset of crystallisation, crystal growth rate, and potentially polymorphic 
transformations are hindered under pressurised conditions. This then suggests that 
there is a maximum of pressure that can successfully be applied to facilitate 
nucleation, as if pressure surpasses this value, the kinetic barrier can surpass the 
thermodynamic drive82, 84. In fact, this is already partially observable in the results 
of Ferstl et al.87 where the slope of the inverse induction time vs pressure 
considerably decreases on reaching approximately 275 MPa. 
Little research has been done regarding the effects of high pressure on vegetable fat 
crystallisation. Nevertheless, similar effects to those in TAGs have been observed, 
i.e. it promotes nucleation78, 87, 88. In addition, when pressure is released, the less 
stable polymorphs melt, hence favouring the presence of the more stable 
polymorphs. These small crystals are thought to then serve as seeds for the remainder 
of the lipid to nucleate29.  
More specifically, two studies have been carried out on CB. The first one by Yasuda 
and Mochizuki 89 who observed that, by holding CB at 30 °C and applying 1500 bar 
two times for five minutes, it was possible to obtain the β-V polymorph directly. 
Additionally, it was possible to arrange a continuous system where pressure was only 
applied once, but some of this partially crystallised material had been returned to the 
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original holding vessel, and therefore was acting as a seeding agent. This is in 
accordance with the previously discussed studies of Ferstl et al.78, 87.  
The second paper involved the application of 3000 bar for half an hour to CB, at 
60 °C, which was then allowed to crystallise at 21 °C for 1 h and 21 h 90. Unlike the 
previous studies, after 1 h of crystallisation, they only observed the presence of β’-
IV, whereas the non-pressurised treatment had already crystallised into the β-V 
polymorph. However, after 24 h, all samples were clearly identified as crystallised 
in the β-V polymorph. The latter is not unexpected as it is known that the β’-IV is a 
metastable polymorph, therefore it eventually transforms into β-V form. 
Nevertheless, the fact that this transformation occurs more slowly in the pressurised 
CB, suggests that by applying pressure the structures formed are more stable, i.e. the 
FA chains have an increased trans or antiperiplanar conformation91 -torsion angle 
between ± 150° and 180°-. This translates into a reduced mobility of the molecule, 
thus hampering polymorphic transformation. Nevertheless, it is remarkable that the 
application of pressure at a temperature above the melting point of CB has such a 
strong effect even after depressurisation. 
The previous studies have shown promising results for the application of pressure 
for the crystallisation of fats. However, from discussions with Dr Josélio Vieira 
(Nestlé, Product Technology Centre, York, UK), it is evident that industry is more 
interested in the application of lower pressures, below 1000 bar. Therefore, there is 
a need of understanding if and how crystallisation is promoted under such conditions. 
 
StOSt, POP, and POSt (St-stearic acid, O-oleic acid, P-palmitic acid) are the three 
main TAGs present in CB, thus the three main components governing its 
crystallisation. However, PStSt and StStSt might be the first TAGs involved in seed 
formation. Consequently, their specific crystallisation behaviours must be kept in 
mind when studying CB. 
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StOSt crystallises in at least five different polymorphs 92, although a transient form, 
called δ, was also identified in a study using DSC 93 (Table 1.4).  
Table 1.4 StOSt polymorphs and their corresponding chain length and melting points.  
Polymorph Chain length T’m (°C) 92 T’m (°C)94 
α Double 23.5 22.4 
γ Triple 35.4  
δ Triple  36.2 
Pseudo-β’** Triple 36.5  
β2 Triple 41.0  
β1 Triple 43.0 44.3 
**It is a deviation of β’ for it presents a triple chain length structure, instead of the typical 
double, but maintains its O┴ packing 93  
The α polymorph, though easily identified through its short spacing ca. 4.2 Å, was 
observed to present two peaks in the long spacing area, when crystallising without 
annealing. In contrast, only one peak is observed when annealing, suggesting that 
this step is critical for enabling the saturated and unsaturated chains to arrange into 
a more energetically favourable conformation. The two peaks observed when no 
annealing was present 95 have been explained as the presence of an “imperfect α” 
which exists as two domains with different interchain packing (Figure 1.6). 
 
Figure 1.6 Proposed structures for a) imperfect and b) perfect α polymorph packing 95. 
 
Further research on the α-polymorph 96, 97 led to the discovery of two different 
polymorphs, called α2 and α1. The α1-phase presented the typical 2L structure, 
previously described, where both saturated and unsaturated chains are parallel, and 
arranged in a hexagonal packing. In contrast, the FA chains in the α2-phase (Figure 
A B 
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1.7) are expected to be arranged in a twisted structure, i.e. they have a higher degree 
of gauche or synclinical conformations97 (torsion angle between 30° to 90° or –30° 
to –90°). As crystallisation continued, the α2-phase was observed to transform into a 
mixed 2L-3L structure, as evidenced by an observed broad peak corresponding to a 
d-spacing of 12 nm, which represents the sum of 2L and 3L spacings (5.2 and 7.1 
nm respectively)97, 98. This transient structure further transformed into the α1-, γ- or 
even the β’-form98. 
 
Figure 1.7 Proposed structures for the α2-phase of StOSt (Taken from reference97). 
Moreover, StOSt also presents a different polymorph from the classical three: the γ-
phase, which is more stable than the α-phase and presents a triple chain length with 
an orthorhombic parallel sub-cell packing. After a slight supercooling of the melt 99, 
the α-phase is observed. It then transforms into the γ-phase which still presents a 
loose packing of chains. Afterwards, the sub-cell packing is stabilised first through 
lamella-lamella interactions95 and then through lateral chain-chain interactions. This 
stabilisation leads to the formation of the β’-form and avoids the steric hindrance 
between oleic and stearic chains. Finally, the β-form is obtained through the tilt of 
the chains 92 which is evident through the short spacings in X-ray diffraction studies. 
Finally, Ueno et al. 95 observed that when StOSt is crystallized at 30 °C and 33°C, 
through a melt mediated process and without annealing, the α-form transformed into 
the β’-phase via an apparent liquid crystal (long spacing present without a short 
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spacing), rather than via the γ-phase. The liquid crystal has its origin in the high 
mobility of the fatty acid chains.   
POP polymorphism is quite similar to that of StOSt (Table 1.5), but with one 
important exception: the pseudo-β’ polymorphs are double chained rather than triple 
chain, which indicates that its polymorphic transformation is more complex, 
following the sequence double → triple → double → triple chain length 92, 100. Thus, 
it has been proposed that the pseudo-β’ structures, though having the oleic and 
palmitic chains within the same lamella, the steric hindrance is reduced by the oleoyl 
chains being present in a conformation which allows a straighter chain structure, 
such as that observed in cholesteryl oleate 92 .  
In addition, it should be noted that the triple→double transformation from the γ-
phase to the pseudo-β’-forms, indicates that the initial triple structure is highly 
unstable. This can be caused by the FA chains still having high mobility, though it is 
also likely that an imperfect triple structure is formed, i.e. where not all oleoyl chains 
are present in the same layer but containing some of the fully saturated fatty acid 
chains.  
Table 1.5 POP polymorphs and their corresponding chain length and melting points100.  
Polymorph Chain length structure T’m (°C) 
α Double 15.2 ± 1.0 
γ Triple 27.0 ± 0.3 
Pseudo-β2’ Double 30.3 ± 0.3 
Pseudo-β1’ Double 33.5 ± 0.3 
β2 Triple 35.1 ± 0.3 
β1 Triple 36.7 ± 0.3 
 
Between three and four different polymorphs have been identified in POSt (Table 
1.6). It is important to note that the ‘intermediate’ phase was only identified by DSC 
measurements, suggesting a volume and a heat transfer effect. All forms could be 
obtained through melt-mediated transformation. However, the pseudo-β’-form 
(identified as the β’-form by Lutton101) and β-forms were also obtained via solid-
state transformation of the β’-phase102.  
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Table 1.6 POSt polymorphs and their corresponding chain-length and melting points 17, 95, 
101, 102.  




α Double 19.5 ± 1.0 18.2 18.2 
δ Triple 28.3 ± 0.3   
Intermediate Triple 29.8 ± 0.3  24.5 
Pseudo-β’ Triple 31.6 ± 0.3 33.0 33.0 
β Triple 35.5 ± 0.3 38.0 37.4 
 
Furthermore, POSt has certain unique characteristics. For instance, it presents a δ-
phase instead of γ-phase (StOSt or POP) possibly due to the different chain lengths 
of the palmitic and stearic acids. Moreover, this difference evidently effects the 
packing of all polymorphs as observed by the lower melting temperatures of the α- 
and β-forms, when compared to StOSt. Additionally, POSt only develops one β- 
polymorph, in contrast with CB, POP and StOSt, which present two different ones102, 
thus reinforcing the idea that a more closed packing is only feasible when the chain 
lengths are equal. 
 
These two TAGs differ from the ones previously described as they only consist of 
fully saturated FA. This characteristic causes them to crystallise solely in the three 
basic polymorphs (α, β’, and β), all of them with double chain structures (Table 1.7). 
Additionally, their melting points are higher, due to their higher saturation levels 
which allow for a better packing. 
Table 1.7. StStSt and PStSt polymorphs and their corresponding chain length and melting 
points 44. 
Polymorph Chain-length StStSt T’m (°C) PStSt T’m (°C) 
α Double 54 51 
β’1 Double 66 56.7 
β’2 Double 61.3 
β Double 73.4 65.2 
 
Bouzidi and Narini (2012) observed that the long spacing of PStSt (52.3 Å) is smaller 
than that of StStSt (55.7 Å), suggesting that palmitic acid, due to its shorter chain 
length, interferes with the interactions at the methyl-end group.  
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Unfortunately, isothermal crystallisation was not considered in these authors’ 
research, therefore it is difficult to compare with studies of other TAGs. Regardless, 
the different cooling rates used (from 0.1 to 25 °C/min) allowed them to observe the 
appearance of the different polymorphs under different supercooling conditions. For 
example, PStSt crystallised into the β’-phase under slow cooling rates, and into the 
α-phase under quick cooling rates, which could be compared to using higher and 
lower temperatures for isothermal crystallisation. In contrast, StStSt though it 
crystallised into the α-form at higher cooling rates, it crystallised directly into the β-
phase at 0.1 and 0.2 °C/min, and not into the β’-form. As such, β’ might only be 
obtained through melt-mediated or isothermal crystallisation. Furthermore, even 
when the α-phase was the nucleating polymorph, followed by transformation into 
the β’-phase, it quickly transformed into the β-phase, indicating that the β’-form is 
an unfavourable conformation. 
Bouzidi and Narine 44 also studied binary systems of the two TAGs discussed in this 
section. Such systems are of interest if the seed crystals are mainly composed of 
StStSt and PStSt as observed by Davis and Dimick 104. Interestingly, they found that 
the structure, the phase development, and the crystallisation process in these 
mixtures, is mainly influenced by PStSt, rather than StStSt due to the mismatch chain 
lengths. 
 
Whilst most studies on triacylglycerols have been performed on pure samples, a few 
studies have been done concerning binary mixtures of fully saturated species, such 
as StStSt, PStSt and PPP44, 47, 105, as well as mixed composition TAGs: PPO, POP, 
POO, OPO and their equivalents substituting the palmitic acids with stearin94, 106-109. 
In the case of the fully saturated fatty acids, when combining tristearin and 
tripalmitin, in the α- and β’ phases, a solid solution (two components being miscible 
at all concentration rations in the solid phase110) was formed, whereas in the β-phase 
a eutectic behaviour has evident105, whilst retaining a T’m above 60 °C. A similar 
behaviour was observed with mixtures of PStSt and StStSt, though the difference in 
chain-length in PStSt hindered the transformation into the β-phase, thus suggesting 
the formation of a molecular compound (mixed crystal occurring only at defined 
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compositions through specific molecular interactions110-112) as it shows that it is 
interacting directly with StStSt, poisoning the crystal structure, not allowing a closer 
packing. 
 
Figure 1.8 Diagram of binary mixture systems of POP, OPO, PPO, and POO. Dashed lines 
indicate eutectic behaviour, double lines indicate the formation of molecular compounds 
(based on reference108). 
In the case of the mixed composition TAGs, an updated figure (Figure 1.8) of that 
presented by Bayés-García, et.al108 summarises their interaction which is mainly 
through the formation of molecular compounds, except for the mixtures of 
POP/OOP, and PPO/OPO where a eutectic behaviour has observed. Most 
interestingly, however, is that in all cases, the β-phase was not 3L as is typically 
observed, but rather a 2L structure. This led to the molecular compounds slight 
instability after 17 months. Similar behaviour has been observed with mixtures of 
OOSt and StOSt107. 
In CB, however, POP and StOSt are both present in larger amounts than OOP or 
OOSt113, 114. Thus, their interaction needs to be considered as well. They have been 
observed to form solid solutions in the β-phases with complete miscibility, thus it is 
likely that they will retain similar interactions with the other mixed TAGs present as 
in the binary mixtures described above. 
Whilst most of this work comprises mixtures of different TAGs, it is important to 
consider that mono and diacylglycerols can initially attach themselves to growing 
TAG crystals due to their similar structure, creating defects, or stunting crystal 
growth. However, they have also been observed to become excluded from the 
crystalline structure, overtime. Hence, it is possible to say that these compounds 
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affect the early stages of crystallisation, creating defected crystals, which perfect as 
time progresses56, 115-120. In other words, the crystals of a fat allowed to mature for a 
long time, are expected to have a more homogeneous composition. 
 
CB’s polymorphic nature and how it is affected by different factors such as the 
cooling rate, crystallisation temperature and composition, has been studied since the 
1960’s. Nevertheless, due to the differences in the methodologies used, most studies 
are not directly comparable, and often present contradictory results, suggesting that 
the crystallisation of CB is more complicated than it was originally thought.  
Table 1.8 Main long and short spacings of CB 121. 
Wille & Lutton (1966) identified six different polymorphic forms (I-VI) via their 
XRD “fingerprint region” (3-6 Å) (Tables 1.8 and 1.9). Since then, more studies have 
led to the hypothesis that CB might only crystallise into four or five polymorphs, 
more commonly identified by the Greek alphabet nomenclature122, which is the one 
used in this paper. The lower amount of polymorphs is supported by forms β’-III and 
β’-IV having different melting ranges, but similar XRD patterns122. The same is 
proposed by for the β-V and β-VI forms. 
Table 1.9 Melting point of CB’s polymorphs (adapted from references121-123). 
Form Melting point (°C) 
Sub-α -5.0 - 5.0 

















Long Spacings (Å) 55.10 49 49 45 63.1 63.1 
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Furthermore, as evidenced by their melting points (Table 1.9), the α- and sub-α- 
forms are the least stable, as in most TAGs. Interestingly, the sub-α form presents a 
β’-sub-cell (similar short-spacings), but its chains are packed more loosely, as 
evidenced by broad lines in the long spacing area 124, 125. Whereas the α-, β’-, and β-
forms present their typical sub-cells (A) Packing of TAG polymorphs: hexagonal (α 
form), orthorhombic (β’ form) and triclinic (β form) crystals. B) Stacking of TAGs, 
i.e. the thickness of the lamellar structure is either in the order of twice the length of 
one hydrocarbon chain (2-L) or roughly three times its length (3-L).a) 23.  
The nucleating polymorph depends on the cooling rate and final crystallisation 
temperature 20. At very slow static cooling rates (0.017 °C/h -0.25 °C/min) or higher 
static crystallisation temperatures (~26 °C) the β’-form is the first to nucleate. In 
contrast, when higher cooling rates and lower crystallisation temperatures are used, 
either the α- (0.5 - 1 °C/min) or the sub-α forms (4 - 360 °C/min and/or temperatures 
below-20 °) are the first to nucleate 122. 
 
Though CB’s components are the same independently of its origin, the ratios in 
which they are present does vary, modifying the hardness and the velocity at which 
it nucleates (Table 1.10) 15-17.  It has been observed that the higher the amount of 
POO and StOO and lower StOSt content, the CB crystallises more slowly and into a 
softer product. Whereas higher levels of trisaturated and monounsaturated TAGs 
have the opposite effect 15-17.  
Table 1.10 Classification of CB  
Hard/Quick Medium Soft/Slow 
Asia and Oceania West African and North American South American 
 
DAGs also have an impact on CB’s crystallisation. CBs with a higher content of 
these species presented increased secondary nucleation induction times, resulting in 
lower total crystallisation15, 126. Contrastingly, when DAGs were rich in stearic acid, 
CB nucleated more quickly during dynamic crystallisation. Therefore, it is not 
possible to generalise the effect of DAGs on CB crystallisation, for it depends on the 
DAGs specific composition. 
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Regarding phospholipids (PLs), their addition has been found to reduce induction 
rates, but hinder crystal growth and secondary nucleation15, 127. However it is 
important to note that not all PLs display this behaviour, for example, Savage128 
observed that CB’s with a higher content of phosphatidylcholine did crystallise more 
quickly, but when a higher amount of phosphatidylinositol was present, the opposite 
occurred. Therefore, the effect of PLs on crystallisation is likely dependent on the 
type and their relative amount in the fat. 
As a final comment, though not intrinsic of CB composition on its own, other 
materials such as small particles originated from processing, such as pieces of the 
husk or residues coming from the processing machinery (mills) can also induce 
crystallisation, acting as heterogeneous nuclei. 
 
As mentioned earlier, though CB’s crystallisation is mainly directed by its TAG 
composition, it is also influenced by some of its other components, e.g.  PLs and 
DAGs. In fact, several researchers propose that CB has seed crystals composed of a 
core of PLs present in an inverse ribbon phase 129, and surrounded by high-melting 
(T’m > 60 °C) acylclycerol species
104, 130-132 (Figure 1.9). The inverse ribbon phase 
can be described as inverse micelle, where the phospholipid headgroups face inwards 
surrounding the few water molecules present in CB, and the FA chains facing 
outwards, due to the media being primarily hydrophobic, i.e. non polar. The FA of 
the inverse phases are then expected to serve as scaffolding for TAG crystals to form. 
The higher melting TAG species are thought to be the first ones to crystallise due to 
their having a stronger crystallisation driving force. This force comes from a higher 
degree of super-cooling (Tm-T) at any given temperature, in comparison to the lower-
melting species (those with unsaturations). Whilst the previous could be considered 
as one of the ways in which crystallisation begins in vegetable fats, the proposed 
model (Figure 1.9 ) shows different lipid species (TAGs, FAs, DAGs) interdigitating 
with the FA chains of the PLs. However, this is only thought to be possible during 
the initial stages, where the FA chains still retain a large degree of mobility which 
could help avoid or resolve any steric hindrance. Similarly to the way TAGs have 
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been observed to interdigitate in PL membranes, which eventually phase separate 
due to the increased strain on the membrane, and the repulsion experienced by 
contact with the polar headgroups133. In contrast, once crystallisation starts, the 
increase presence of antiperiplanar conformations would be expected restrict the 
interaction between the chains. Hence, it is likely that rather than interdigitations, 
only methyl end interactions would be energetically favourable, thus acting as the 
start of the crystalline lamellar structures. 
The exact composition of these crystals cannot be specified due to the different 
isolation methodologies used by different researchers 104, 124, 134. Regardless, a 
general trend is evident in all cases: seed crystals present a higher concentration of 
PLs and stearic acid (as a component of DAGs or TAGs), when compared to the CB 
from which they were extracted. This suggests that a fractionation occurs during the 
crystallisation of CB as fully saturated TAGs crystallise first, especially stearin 
containing species. 
These seed crystals are thought to be of approximately 0.09 - 0.28 μm in size 135, and 
represent less than 0.1 % of CB 136. Given that their melting temperature is higher 
than the temperature at which chocolate is commonly melted prior to tempering (ca. 
50 °C), they are expected to remain solid at this stage of processing, thus serving as 
nucleating sites.   
 
Figure 1.9 Proposed structure for a seed crystal with a phospholipid core surrounded by high 
melting acylglycerol species (based on 136). 
 
There is, however, a study by Toro-Vazquez et al. 127 who removed PLs through 
solid phase extraction. In this study, the crystallisation onset of the phospholipid-free 
28 
CB was delayed but both the polymorphic transformations and the end of 
crystallisation happened faster. Therefore, it is thought that while phospholipids act 
as seeds, accelerating the start of crystallisation, they might hinder the correct 
structuring of CB TAGs by creating defects in the crystal structure. Notably, though, 
they found through rheology studies, that the onset of crystallisation is at 
59.8 ±  3.7 °C in CB, supporting the hypothesis that 60 °C are insufficient to fully 
melt it, as such temperature already represents sufficient supercooling for 
crystallisation to occur. This seemingly contradicts the findings of Foubert137, who 
did not observe any difference in the crystallisation kinetics of CB melted at either 
65 or 80 °C. However, she used a different cooling rate, not to mention, she only 
performed these studies using DSC, which, according to the previous authors, is not 
as sensitive as rheometry. Therefore, it is possible that these events were present but 
not detected. Moreover, she based her conclusion on comparing only the second 
crystallisation event, rather than the first, which is not necessarily as sensitive for it 
can be related to transformation and crystal growth enthalpies. Lastly, it  is notable 
that she only used a longer holding time for the 65 °C treatment, and not for the 
80 °C treatment, which could have proved more insightful.  
Regardless of the previous results, it is important to remember that it is only one 
study, and it was not performed in-depth. This is relevant, for the understanding of 
the impact of this initial melting temperature is of interest as CB seed crystals have 
higher melting points than those attributed to CB 136, not only because of the 
proposed phospholipid core but because of the tristearin content, and also, based on 
a study performed on oleic acid 138, which showed that the induction time for the 
crystallisation of the α-form increased along with the initial maximum temperature. 
The previous suggests that even with a simpler and more homogeneous system, the 
initial maximum temperature is critical, suggesting that this may also be true for a 
complex system like CB.  
Finally, in the more recent work by Wang139, the β-memory effect (direct 
crystallisation into the β-polymorph) was studied in pure, fully-saturated TAGs and 
their mixtures. The main conclusion drawn from the experiments was that not more 
than 6 °C above the T’m, as determined by DSC, were needed to melt the TAGs to 
fully erase the β-memory effect. Nevertheless, what is particularly interesting is the 
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computational simulation performed by Mazzanti, through which the time-
temperature combination required for the molten crystal cluster (of a mix of TAGs) 
to reach the same molecular distribution as that of the original, “memory-free” liquid. 
The resulting recommendation was the application of 93-103 °C for 10 min, which 
is considerably higher than the experimental values  
 
In addition to the seed model which has been proposed as the initiator of 
crystallisation, different pre-nucleating structures have been proposed for TAGs, 
independently of their origin and the presence or absence of minor components. 
Three main structures have been put forward: lamellar, nematic and discotic.  
Lamellar (smectic) 
Based on the combination of a diffuse small-angle diffraction maxima, and a short-
spacing of approximately 4.5 Å observed in XRD 140, Larsson (1992) proposed a 
model of loosely stacked lamellar structures which do not possess a long-range order. 
He proposes that this model is strengthened further by the similarity to the XRD 
pattern of L2-phases of polar lipids 
141. 
Nematic  
This structure differs from the others 142 for it was inferred from Neutron Diffraction 
studies, rather than XRD. This method was chosen for its capability to contrast match 
different molecular moieties. Given that it identifies different isotopes of hydrogen, 
if different parts of a molecule are deuterated, their diffraction is then enhanced, 
making changes in packing more evident. This last characteristic was exploited by 
the authors, for they selectively deuterated either the glycerol section (LLL-DH), or 
the FA section (LLL-HD) of trilaurin.  
The basis to their proposed structure is the presence of a shift in the low-angle region 
from (001) to between 15-25 Å, which is attributed to more tightly packed glycerol 
molecules. Furthermore, they observed a reduction of the high angle features at 
2θ ≈ 60 ° in the LLL-DH, when compared to the LLL-HD. They suggested that the 
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long spacings between solid and liquid fractions are different 142. This is the main 
evidence which they find contradicts Larsson’s141 hypothesis. Nevertheless, 
Larsson141 considers the observed behaviour is expected due to molecular 
movements which make atoms “invisible” to the neutron or X-ray beam.  
Discotic  
This model was proposed by Corkery, et al. 140 based on the presence of “molecular 
aggregates”. They assume that the preferred structure of TAGs in such a free state as 
a liquid crystal is Y-shaped rather than h-shaped, as both Larsson and Cebula 
propose. This structure is expected to reduce the free energy, for the chains are 
thought to be at approximately 120° from each other. Furthermore, these Y-shaped 
molecules are presumed to be contained in disc-like volumes (hence the discotic 
term) which would present a thickness determined by the mobility of the molecules. 
The diameter of the disc-like volumes is thought to be 15-22 Å, which is very close 
to what Larsson and Cebula found, hence they considered this data as support to their 
hypothesis. Even though they admit that the discotic model might be a way of 
reconciling both Larsson’s and Cebula’s proposed structures by considering the three 
of them as a sequence of arrangements, they propose that the most likely chain 
conformation would be the Y-shaped, due to the lower free energy state it would 
represent, as supported by theoretical modelling143. Nevertheless, it is important to 
mention that, though this structure might be more energetically favourable, it is 
unlikely for these discs to present a long-range order as only reduced van der Waals 
forces are present, which are not considered to be sufficient to support this complex 
assembly. 
Similar to the discotic model, Lin proposed the Loose Multimer Model144, where the 
glycerol backbones are surrounded by their folded fatty acid chains145, i.e. similar to 
the Y-shaped proposed by Corkery et al. but allowing for deformation of the chains, 
rather than expecting them to be stiff and fully extended. Therefore, each loose 
multimer is assumed to be dodecahedral, allowing for space filling arrangements to 
be preserved. 
Importantly, the previous models only consider two possible conformations: the Y-
shape (120 °) and the h-shape or chair conformation. This is likely to be derived from 
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only considering fully saturated TAGs which do not display the same steric 
hindrance occurring in TAGs with unsaturated FA chains. However, even in this 
case, a third conformation could be expected to form, i.e. the tuning fork, as 
described below. 
More recently, Tascine et al.146 performed molecular dynamics simulations on liquid 
sebum TAGs at body temperature, observing that TAG molecules form elongated 
clusters with the glycerol backbones grouped together. These elongated clusters 
eventually merge, forming a single continuous network. Importantly, they also 
evaluated the different conformations of the TAG molecules. Previous workers had 
suggested that the most favourable conformation was the “propeller” (Y-shaped), i.e. 
where all the chains are at 120 ° in respect of each other; however, in Tascine’s work, 
the largest population corresponded to the tuning fork, where the sn-2 FA is pointing 
in the opposite direction to the sn-1 and sn-3 FAs which are parallel to each other. 
Considering that these studies were performed with mono-acid TAGs, it is likely that 
in systems with mixed TAGs, like CB, the proportion of TAGs in tuning fork 
conformation is even larger as the unsaturated FA is expected to be. 
Regardless of which liquid crystalline arrangement is present, what seems to be 
applicable in every case, and even in more complex TAG systems, is that a pre-
nucleation structure is present. Studies of trisaturated TAGs in vegetable oils have 
shown evidence that pre-nucleation interactions occurred due to short-range van der 
Waals forces. Furthermore, the oil should present TAGs with at least one palmitic 
acid chain147, 148. This is of relevance, for even though CB crystallisation is thought 
to be mainly directed by StOSt, other TAGs like POP and POSt might prove to be 
essential in forming pre-nucleating structures, and possibly, its observed memory 
effect after melting 149. 
 
CB crystallisation has been studied for several decades29, 63, 150, 151; however, there is 
still no consensus regarding its pre-nucleating/liquid structure, and there are certain 
factors that have not been fully explored and might have an impact. One of these 
factors is the temperature at which CB is melted prior to crystallisation. Work in this 
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area comprises only three serious studies152-154, of which only one compares the use 
of temperatures above 60 °C154. However, in the latter study, only two temperatures 
were compared, namely 65 and 80 °C. Furthermore, the only technique used was 
differential scanning calorimetry (DSC), which does not always allow for conclusive 
assertions155. The lack of studies in this area is surprising as conching temperatures 
can reach temperatures above 80 °C8. Moreover, CB is known to have fully saturated 
triacylglycerol (TAG) species with melting points above 65 °C which would need 
temperatures of at least 105 °C to be fully molten, based on the observation of 
Hernqvist156 that order in the melt is retained up to 40 °C above the melting point. 
Additionally, a study on oleic acid138 demonstrated that by heating it to 60 °C above 
its melting point, the induction time for crystallisation increased, as compared to 
using an initial temperature of only 7°C above the melting point. This could be 
ascribed to either self-diffusion (random motion of molecules driven by internal 
thermal energy)157, 158 or changes in the liquid structure. This raises the question if a 
similar effect is expected in TAGs, thus motivating the investigation of the effect of 
what is called in this thesis as initial maximum temperature (Timax) on the 
crystallisation of CB. 
More recently, further justification for this work was found in a thesis by Wang139. 
Here it was determined that to avoid direct crystallisation into the β-form, long 
holding times were required when heating a TAG at its determined melting 
temperature (T’m)  or temperatures between 1.3 and 6 °C above this T’m, depending 
if the system was composed of a single TAG or a blend of TAGs. However, based 
on molecular diffusion simulations made by Prof Mazzanti, also reported in Wang’s 
thesis, temperatures between 93 °C and 103 °C, held for 10 minutes, would be 
required for the melt of mixed TAG crystals (trimystirin and tripalmitin) to reach the 
same TAG distribution as the rest of the liquid.  This would suggest that self-
diffusion plays an important role in crystallisation as the temperature applied to melt 
the crystals will determine whether the liquid has a homogeneous composition, or if 
clusters or with different composition gradients are present. These regions would 
then have the potential to crystallise at earlier stages if having a larger proportion of 
the higher melting TAGs. 
In addition to the Timax, pressure also remains an under-studied parameter in terms of 
crystallisation of TAGs and its potential use for processing fats. As has been 
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described in section 1.5.5, several studies have been performed in acylglycerols, 
relating to their physical properties such as compressibility76, 86, 159-161. In terms of 
TAG crystallisation, however, only few studies have been performed, and more 
importantly, they have not allowed the determination of the crystallised polymorphs 
in-situ, though they have shown that pressurising CB promotes crystallisation69, 79, 87, 
90, 159, 162-164. Nevertheless, most of these studies have applied pressures above 
1000 bar, which is above that which the chocolate industry desires to use (J. Vieira, 
personal communication, 2015). Moreover, preliminary studies in chocolate hinted 
towards an induced crystallisation into the β-V form when treated at pressures 
between 200 and 400 bar (J. Vieira, personal communication, 2014). Hence, it is 
evident that studies are needed to determine if crystallisation of pure CB is also 
promoted when pressures below 1000 bar are applied, and if so, to identify which 
polymorphs form under controlled pressure conditions. 
 
To enhance fundamental understanding of the crystallisation and polymorphic 
transformations of CB crystals under different pressure and thermal processing 
conditions. 
 
1. Understand how the isothermal crystallisation kinetics, polymorphic 
transformations and morphology of CB are affected by the use of different 
Timax. 
2. Evaluate the role of self-diffusion on the crystallisation of CB as effected by 
the use of different Timax. 
3. Evaluate if the application of pressures below 1000 bar induces the 
crystallisation of CB. 
4. Determine if the initial melting temperature has an effect on the pressure-
induced crystallisation of CB. 
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For the accomplishment of the objectives different experimental approaches and 
techniques were used, which are fully described in the materials and methods 
chapter. This section was kept separate and independent of the results chapters as 
similar techniques were used, even if the specific equipment or experimental 
protocols differed due to the different parameters studied (Timax and pressure). 
Briefly, for the first objective, a multi-technique approach was undertaken. Well-
established techniques were applied to determine the kinetics of crystallisation, such 
as differential scanning calorimetry (DSC), solid fat content (SFC), and X-ray 
scattering, the latter being useful in determining the developing polymorphs and their 
transitions. Polarised light microscopy (PLM) studies were also performed to gather 
insights regarding the changes in morphology.  
For the second objective, the obvious measurements to be performed were those of 
self-diffusion. Measurements were undertaken using both the standard pulse gradient 
nuclear magnetic resonance (NMR) method, and a more recent, alternative method 
named fast field cycling NMR. These studies were performed on both heating and 
cooling ramps of CB, and were complemented by speed of sound measurements. The 
latter, though not directly related to diffusion, were used to calculate the 
compressibility of a material, and hence, can provide insights regarding the degree 
of liquid or solid behaviour165 of a material. 
For the third objective, two approaches were taken, one performing post-processing 
analysis of pressure treated CB, which led to inconclusive results, thus motivating 
in-situ studies. Initially PLM studies were performed, helping determine the 
induction of crystallisation under pressurised conditions (<1000 bar), followed by 
X-ray scattering measurements at a Synchrotron Light Source, through which the 
developed polymorphs were identified. Within these in-situ measurements, an 
additional set was performed, where a Timax of 100 °C was applied prior to cooling 
and applying the pressure treatment, for the fulfilment of the fourth objective. 
The methodology section is then followed by a short chapter, where a description of 
the different lamellar organisations in CB is provided in the form of electron density 
distribution maps calculated from the characteristic X-ray scattering patterns of CB. 
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It is important to notice that this chapter does not only present the different crystal 
forms of CB, but also proposes a new structure for its liquid phase. This is described 
in great detail in the attached manuscript166 .The results and their analysis are then 
presented in two chapters, one dealing with the effects of Timax and the other one 
describing the effects of pressure (< 1000 bar) on the crystallisation behaviour of 
CB. The effect of thermal pre-treatment is presented first, allowing the reader to 
become better acquainted with crystallisation kinetics, and the different techniques 
used. However, given that differences were obtained between the different 
treatments, and considering the behaviour simulated by Prof Mazzanti139, the bulk 
self-diffusion and speed of sound results are presented as well as an attempt to 
elucidate the mechanisms behind the observed behaviour in the crystallisation 
process. The second results chapter describes the effects of pressure on the 
crystallisation of CB. This starts with the post-processing analysis of CB pressure-
treated using a be-spoke machine, followed by the in-situ measurements, including 
those dealing with the combined effects of an increased Timax and pressure. 
36 
 
This thesis comprises the study of how two different parameters affect the 
crystallisation of CB: Timax and medium pressure, defined as that being above 1 and 
below 1000 bar.  
For the first parameter, three temperatures were selected: 50, 80 and 110 °C. 50 °C was 
used as a baseline for it is closer to that which industry uses for chocolate production, 
80 °C was used as an intermediate temperature that is still above the melting point of 
the β-form of tristearin (73 °C)167, 168 and 110 °C as the highest temperature based on 
the experiments by Hindle, et al. 134, 135. In the latter, this temperature was selected in 
an attempt to fractionate CB, and because it is more than 30 °C above the melting point 
of tristearin, which is suggested in literature as it erases crystal memory 169. 
The main methodologies used for understanding the effects of Timax on crystallisation 
were SAXS/WAXS, differential scanning calorimetry (DSC), polarised light 
microscopy (PLM), and solid fat content (SFC). In addition, nuclear magnetic 
resonance (NMR) studies were performed to evaluate if self-diffusion was the key 
factor driving the differences between treatments. Regarding the liquid phase of CB, 
in addition to the diffusion studies, the compressibility of CB as a function of 
temperature was also calculated using density and speed of sound measurements. 
For the study of the effect of pressure on the crystallisation of CB, two main sets of 
experiments were performed. The first one consisted of off-line DSC and 
SAXS/WAXS measurements of pressure-treated CB samples. However, as such off-
line measurements do not allow the tracking of crystallisation during pressurisation or 
de-pressurisation, in situ measurements were required. These allowed to determine, if 
the determination of the effects occurring during either of the processes and if they 
were related to external factors. The measurements consisted of simultaneous SAXS 
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and WAXS measurements at Diamond Synchrotron Facility and pressure PLM at the 
Chemistry Department of Imperial College, London. 
Finally, two more methods are described: TAG composition, and oxidative stability. 
The first is necessary to identify, if the CB here used is in the range of the soft and 
slow-crystallising CBs or the hard and fast crystallising ones as observed by Foubert 
and Chaiseri and Dimick 15, 170. 
 
Small- and wide-angle X-ray scattering (SAXS and WAXS) measure the interaction 
of a sample, when it is irradiated with X-rays. Four basic elements are needed: an X-
ray generating equipment, a collimation system through which the beam size is shaped, 
the sample, and a beam stop with a detector.  
Once the sample is irradiated, it absorbs and scatters the incident X-rays. The scattered 
rays will then undergo either constructive (described by Braggs law, 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆) or 
destructive interference Figure 2.1 B) depending on whether the waves are in or out of 
phase with each other.  
Note, that the scattering angle 2𝜃 has the disadvantage that it depends on the 
wavelength which varies between X-ray instruments. Because of this, it is common 
practice to present the scattering patterns as a function of q, also known as a scattering 





 sin(𝜃) =  
2𝜋
𝑑
 ( 6 ) 
It is relevant to mention that in this thesis, X-ray powder diffraction is used, rather than 
single crystal, as is common practise in fat crystallisation studies32. This is, because 
crystallisation kinetics measurements require to be performed in the bulk, thus 
resulting in a multitude of small crystallites. Secondly, single-crystal measurements in 
fats are not feasible in the case of the meta-stable polymorphs due to their low melting 
points, and more importantly, because of CB’s monotropic nature. Thirdly, the main 
objective of the X-ray scattering measurements was to follow the crystallisation of CB, 
particularly polymorphic transformations, rather than obtain detailed structural 
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information. This, in fact, outlines the main difference between single crystal and 
powder X-ray diffraction, i.e. the former provides detailed structural information, 
whereas the latter does not. 
 
 
Figure 2.1 A Shows the components of an X-ray scattering instrument26 from the X-ray source 
to the detector. Panel B shows how the scattered rays are at an angle from the incident direction, 
and how only X-rays creating constructive interference lead to bright areas in the detector. 
Single crystal diffraction relies on generating one pure crystal which is then rotated so 
that it can be measured at different, well-described angles. Thus, the location of all the 
lattice points can be identified, thus allowing for the description of the crystal structure 
at atomic level. Powder diffraction, on the other hand, measures a mix of small 
crystallites, hence there is no need for rotating the sample. By having a large number 
of crystallites, information of the different planes are simultaneously measured171. 
However, the intensities of the peaks are usually broadened mainly due to 
imperfections of the crystallites, not to mention that the obtained peaks are an average 
of all the different planes. This leads to loss of resolution, especially in the wide angle 
region, as there is an overlap of peaks caused by reflections that are close to each other, 
or because of a systemic overlap of the lattice points of different planes, for example 
the (100) and (110) planes of a face-centered cubic lattice 21. Hence, whilst information 
of the d-spacing, i.e. the overall stacking, can be obtained, the full description of the 
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In this work, simultaneous SAXS and WAXS measurements were performed with a 
SAXSpace instrument (Anton Paar GmbH, Graz, Austria) equipped with a Cu-anode 
that operates at 40 kV and 50 mA (λ = 0.154 nm). The instrument is equipped with 
Peltier elements (TCStage 150, Anton Paar, Graz, Austria) for temperature control in 
a range from -30 to 150 °C (± 0.1 °C).  
The scattering vector q was calibrated with silver-behenate. The sample-detector 
distance (SDD) used was 317 mm allowing the measurement of scattering vectors of 
0.1≤ q ≥18 nm-1. The 1D scattering patterns were recorded with a Mythen micro-strip 
X-ray detector (Dectris Ltd, Baden, Switzerland). All measurements were made with 
an exposure time of 10 minutes. 
 
West African cocoa butter (CB) provided by Nestlé, Product Technology Centre, York, 
U.K. was used without additional refining. 1.5mm quartz disposable capillaries were 
filled with molten CB (at 50 °C), and sealed with wax and epoxy glue. The samples 
were then allowed to cool at room temperature, and kept under this condition for at 
least two weeks to ensure the presence of the β-V polymorph. Its formation was 
confirmed through a preliminary SAXS/WAXS measurement taken with an exposure 
time of 5 minutes. 
 
As mentioned before, three maximum melting temperatures (Timax) were selected: 50, 
80, and 110 °C.  Additionally, it is known that the cooling rate applied has an important 
effect on the crystallisation. In this work, a constant rate of 3 °C/min was used. A faster 
cooling rate was not applied, as this is uncommon in industry given the larger volumes 
used.  
The samples were left to equilibrate at 20 °C in the sample stage for 5 min, after which 
they were heated to 50 °C for 10 minutes. This was followed by either direct cooling 
to 20 °C, or an additional heating step to 80 or 110 °C for 10 minutes prior to the 
cooling ramp. Once the 20 °C were reached, 5 minutes were allowed for thermal 
40 
equilibration prior to the start of measurements, which were performed continuously 
for at least 20 h, with an exposure time of 10 minutes. After 24 h, samples were kept 
in a temperature-controlled room, and were measured daily for a week, then at weekly 
intervals for a total of four weeks, and finally once every month for six months. 
Note that the holding times for thermal equilibration were selected from a preliminary 
experiment using a larger sample (25 mL) in a glass container. 
 
All the scattering patterns were corrected with respect to the position of the primary 
beam using SAXStreat software (Anton Paar, Graz, Austria). All data was further 
transmission-corrected by setting the attenuated scattering intensity at q = 0 to unity 
using SAXSQuant software (Anton Paar, Graz, Austria). Background subtraction was 
performed by considering the empty capillary scattering profile, using SAXSQuant.  
The different polymorphs developed by each sample were identified during their 
thermal treatment by comparing the obtained d-spacings in the SAXS regime, and the 
peak positions in the WAXS region to those reported in literature20, 121, 123. Note should 
be taken that for the identification of polymorphs, no de-smearing procedure was 
required as smearing mainly effects the FWHM and shape of the peaks, rather than 
their position26. 
As a first approach, to determine the time ranges within which each identified 
polymorph was present, contour plots were used to evaluate the first 24 h of 
crystallisation. For further analysis in the SAXS region, a Matlab® (Mathworks, 
Massachussets, U.S.A.) code was written to find the peak positions of the first, and 
second or third order peaks (for the α, β’-III, and β-V polymorph identification, 
respectively). However, this programme was only helpful in the analysis of the 50 and 
80 °C treatments, as the 110 °C treatment at its initial stages presented undefined broad 
peaks that could not be assigned to a specific polymorph. Thus, for the 50 and 80 °C 
treatments, the start and end of crystal transformation was easily tracked, but for the 
110 °C treatment, detailed visual inspection was used to determine at what point in 
time these broad peaks developed by comparing them to the first frame.  Moreover, the 
transition between the α- and β’-IV forms had to be confirmed visually by comparing 
to a frame where only the α-form was observable. This is because the first-order peak 
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positions of both metastable forms are quite similar, thus overlapping in the initial 
stages, and their third-order peaks have a low intensity, thus resulting in an inaccurate 
determination of the start of the transition. 
For the first 24 h, the WAXS region was analysed through a combination of dynamic 
difference functions (DDF(j,k), where j and k are two different patterns) and visual 
inspection, as described by van Malssen, et al.20. However, given the large similarities 
between the β-V and the β-VI forms, this transition could only be visually. 
Briefly, the DDF method consists of determining the overall squared difference of the 
corresponding channel intensities (I) between two patterns (j and k) as described in 
equation 7. 
∆(𝑗,𝑘) = ∑ [𝐼(𝑗,𝑖) − 𝐼(𝑘,𝑖)]
2𝑞
𝑖=𝑝  ( 7 ) 
For the transition between α and β’-IV, DDF(j,1) was used, as the α-form WAXS peak 
developed from the start, whereas for the transition into the β-V form DDF(j,65) and 
DDF(j,115) were used for the 50 and 80 °C treatments, respectively. These two frames 
were selected (65 and 115 min for the 50 and 80 °C treatment, respectively) as they 
showed no evidence of the alpha phase neither in the SAXS more the WAXS region. 
Representative diffraction patterns of the main three polymorphs, α-, β’- and β-phase, 
were selected from the lab-based (β’- and β-phase) and the Diamond synchrotron (α-
phase) SAXS measurements for further analysis. Diffraction patterns were treated as 
mentioned earlier. It must be added, however, that in the case of lab-based SAXS 
measurements, these were performed using a line-focus collimation system which is 
known to cause smearing of the peaks26. Therefore, de-smearing process was applied 
beforehand in an automated manner using SAXSQuant software (Anton Paar, Graz, 
Austria). 
Afterwards, the diffraction peaks were fitted to a Lorentzian distribution function using 
OriginPro9.5® (OriginLab, Northampton, MA). The intensities were further Lorentz 
corrected 173, and the form factor values, Fh, were obtained from the square root of 
corrected intensities. 
Considering that TAGs are centrosymmetric structures, similarly to phospholipid 
bilayers, the electron density profile (EDP) can be estimated using the FT analysis of 
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the electron density contrast by the summation of cosine terms only174 as described in 
equation 8: 
𝛥𝜌(𝑧) = ∑ 𝛼ℎ  𝐹ℎ𝑐𝑜𝑠 (
2𝜋𝑧ℎ
𝑑
)ℎ 𝑚𝑎𝑥ℎ=1  ( 8 ) 
where Δρ(z) is the electron density contrast, h the Miller index (diffraction order), αh, 





Note, that as the form factors are obtained from the squared roots of the corrected 
intensities, it is necessary to determine the correct phases, αh, of the amplitudes, Fh, for 
the application of equation 8, which for centrosymmetric structures is reduced to the 
task of deciding if a given contrast should be considered positive or negative, 
respectively. The correct phase combinations for the α and β-V polymorphs were 
taken, and verified, from the work by Mykhaylyk et al. due to the similarities between 
the structures of StOSt and CB. In the case of the β’-form, all possible phase 
combinations were checked and confronted with a priory strip model of the β’-form 
EDP to determine the correct phase combination. 
In addition to the EDPs of the different crystalline structures, in collaboration with 
Dr Amin Sadeghpour, a new model for the liquid state of CB was proposed (see 
attached manuscript166). Briefly, TAG assemblies are expected to be immersed in an 
isotropic medium. The TAGs in these assemblies are thought to have their glycerol 
backbones at the centre and their FA chains facing outwards (Figure 2.2 A). TAG 
molecules from the isotropic medium are then expected to attach to the outer layer of 
FA chains as temperature decreases (Figure 2.2 A), thus serving as scaffolding for the 
formation of crystalline lamellar structures, similarly what has been proposed with the 
PLs present in CB by Dimick and others 136, 175.  
The electron density distribution (Figure 2.2 B) is then described by the summation of 
three Gaussian terms: a positive one at the centre, representing the glycerol backbone, 
followed by a smaller negative one representing the averaged position of the methyl 
ends of the FA chains, and finally, a small positive term representing the glycerol 
backbone of the TAG molecules attached to the base structure  (Figure 2.2 B) 
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𝜌𝐼𝐼𝐼(𝑧) = 𝑒𝑥𝑝 (−
𝑧2
2𝜎𝐺
















  represent the distribution breadth of the glycerol backbone, FA 
chains and the second layer of TAGs, respectively; z
C
 represents the position of the 
methyl groups (CH3); ρr = |ρC/ρG| indicates the electron density contrast between the 
CH3 groups (ρC) and the glycerol backbone (ρG); |𝜌𝑠ℎ𝑒𝑙𝑙| is the relative electron density 
contrast betweem the lower concentrated glycerol regions of the second TAG layer and 
the glycerol backbone; and 𝑗𝑧𝑠ℎ𝑒𝑙𝑙 represents the position of the former along 𝑧-axis. 
 
Figure 2.2 Lamellar TAG assembly model. (A) Schematic sectional representation of the 
lamellar TAG assembly model. The TAGs back-to-back assemblies are treated as 2D-lamellar 
double layers (red-purple) with a loosely attached outer layer of TAGs (black). Note, that the 
lateral extension of the assemblies are assumed to be practically infinite, when compared to 
the thickness of the lamellae. Non-assembled TAGs are shown in light grey. (B) Electron 
density profile modelled with three Gaussian distributions identifying (i) the high density 
centred glycerol backbone region, (ii) the low density hydrocarbon chain regions (methyl 
group rich) and (iii) low density glycerol backbone regions (loosely attached second layer)166. 
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In differential scanning calorimetry (DSC) the heat flow released or absorbed by a 
sample is measured during either isothermal or temperature change profiles. In 
practice, a heat flow DSC instrument measures the power needed to maintain either the 
set temperature or the temperature change rate (cooling or heating), and comparing 
such power to a reference furnace176. This makes the method ideal for isothermal 
crystallisation studies by providing an accurate measurement of the heat released 
during such processes, as well as for determining melting ranges of the final 
polymorphs, through heating profiles. 
 
Samples of molten CB (1.35 + 0.2 mg) were weighed, transferred into a 30 μL 
aluminium pan, and sealed with the appropriate aluminium cover. It was then put inside 
a Diamond DSC (Perkin Elmer, Massachusetts, USA) where samples were held at 
either 50, 80 or 110 °C for 10 minutes, and cooled down to 20 °C at 3 °C/min, as in 
the X-ray scattering experiments. Once this temperature was reached, it was held for 
four hours as this was sufficient to observe the initial phases of crystallisation that 
could not be tracked by lab-source X-ray measurements, as they do not allow time-
resolved measurements during the cooling ramps, nor the first 15 min of crystallisation 
due to the longer required exposure times. 
After the isothermal period, samples were heated to 50 °C at 50 °C/min to determine 
the polymorphs present through the observed melting peaks and comparing them to the 
values reported in literature 17, 20, 121, 124, 169, 177, 178. 
All measurements were performed in triplicate at Nestlé, Product Technology Centre, 
York. 
 
For the analysis of the cooling ramps, when a crystallisation event was evident, i.e. an 
exothermic curve, the onset of the transition was determined as the point where the 
curve started deviating from the baseline. 
Materials and methods  45 
 
Figure 2.3 Example of DSC isothermal thermogram, corresponding to one of the repetitions of 
the 110 °C treatments. The inset shows the first crystallisation event, which in this case can be 
considered a combination of multiple small events occurring on reaching isothermal 
conditions. 
During the isothermal period, usually two crystallisation events were observed. The 
first transition temperature (assumed α-phase formation) peak tended to be too close 
to the first recorded data point, thus not allowing for the analysis of the turnover. 
However, global analysis was possible for the second crystallisation event (β’ phase 
formation). Here, the partial areas of the crystallisation peaks were calculated at 5 min 
intervals, plotted, and further fitted (Figure 2.4) with the modified Gompertz model for 
crystallisation kinetics179 equation 10: 
𝑓(𝑡) = 𝑚 ∙ 𝑒𝑥𝑝 (−𝑒𝑥𝑝 (
𝜇𝑒
𝑚
(𝜆 − 𝑡) + 1)) ( 10 ) 
where f is the fraction solid fat content at time t (%), or in this case the area under the 
DSC curve; m is the maximum heat of crystallisation (mW/g); μ is the maximum 
increase rate in crystallisation (the tangent to the inflection point of the crystallisation 
curve), and λ is a measure for the induction time in minutes (intercept of the tangent at 
the inflection point with the time-axis) and e equals 2.7183. This fitting was performed 
using an in-house Matlab R0215A® (MathWorks Inc., Massachusetts, USA) 
programme with 95% confidence levels. The resulting parameters were then analysed 
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using ANOVA and t-tests to determine significant differences with a critical p-value 
of 0.05. 
 
Figure 2.4 Partial areas of the second isothermal peak of the 110 °C treatment of CB, plotted 
as a function of time. The blue circles correspond to experimental data, and the red continues 
line represents the fit with the modified Gompertz model. 
 
Polarised light microscopy (PLM) is a specimen enhancement technique that involves 
the use of two polarisers, before and after the sample. It is useful in the study of 
birefringent materials as it extinguishes the light that has not suffered a change in 
polarisation angle180, 181.  
Birefringence occurs only in anisotropic materials180, 181. This results in different 
refractive indices. That is, light is refracted in two different directions and velocities 
on crossing the sample. One of the rays, termed the ordinary ray, follows the law of 
normal refraction, thus its propagation can be described as a spherical wavefront as it 
travels at the same velocity in all directions. The other ray is termed extraordinary ray, 
and it can be described as an elliptical wavefront as its velocity depends on the direction 
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parallel to the long axis, and the slowest at the short axis. If the ordinary and 
extraordinary rays coincide at the major axis then the extraordinary refractive index is 
larger, thus resulting in a positive birefringence, and the opposite leads to a negative 
birefringence.  
 
Figure 2.5 Polarised light optics configuration describing how non-polarised light is affected 
by both the cross-polars (combination of polariser and analyser) and the birefringent specimen 
(adapted from references180, 181). 
Moreover, as one wave is retarded with respect to the other, destructive and 
constructive interference occurs, causing different wavelengths to be affected or 
extinct at different parts of the object. Therefore, different parts of the spectrum will 
be visible at given areas resulting in different colours as observed in Figure 2.6. Of the 
full spectrum shown here, the most sensitive area is that of the first order red at 
approximately 550 nm, as a slight change causes a shift towards cyan or yellow182. 
Therefore, a wave retardation plate can be used to add further enhancement, thus 
allowing to determine further structure differences, both quantitative and/or 
qualitative.  
In the specific case of spherulites, a wave plate is particularly useful as it allows the 
determination of their sign. Here, positive spherulites are evidenced by having a blue 
colour in the first and third quadrants, whilst the opposite applies for negative 
spherulites (Figure 2.7)183-185. 
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Figure 2.6 Michel-Levy birefringence chart182. 
Samples were observed with a Leica Microscope DM2700P (Leica Microsystems, 
Cambridge, UK) equipped with a Linkam LTSE 120 (Linkam Scientific, Tadworth, 
UK) hot stage and temperature controller (±0.1 K). A Nikon Camera D7100 (Nikon, 
Japan) was used to take single frames at variable intervals during the cooling ramp, 
isothermal period, and melting ramp. 
20x and 50x objective lenses were used to obtain more in-depth visualisation of the 
crystals. Transmitted light was always preferred. A wave plate was used when 
differentiating between structures was not possible with standard polarised lenses, and 
to render full melting events of structures clearer. 
 
Figure 2.7 Maltese cross pattern exhibited by positive (A) and negative (B) birefringent 
spherulites viewed through polarised microscopy. Positive spherulites have the largest semi-
axis in a radial direction, whilst negative spherulites have the long axis in the tangential 
direction. 
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One drop of molten CB (at 50 °C) was put on top of a glass slide and covered with a 
square coverslip, which was allowed to crystallise at ambient temperature for at least 
2 weeks. 
A similar thermal protocol to that of the SAXS studies was followed; however, samples 
were only allowed to crystallise for 1 h in the Linkam stage, as this permitted the 
observation of the initial stages of crystallisation, as well as the development of a 
crystal network stable enough to allow for transportation to an incubator. Pictures were 
taken every 10 s during the cooling ramp, and every 30 s during the isothermal period. 
The samples were then transferred to a temperature-controlled incubator set at 20 °C, 
for two weeks. Samples were photographed daily for at least three consecutive days, 
then on days seven and fourteen. On the last day, samples were melted at 1 °C/min to 
40 °C. During the melting protocol, pictures were taken every 10 s. 
 
Solid fat content (SFC) measurements were performed in a Minispec-mqone SFC 
analyser (Bruker BioSpin, GmbH, Rheinstetten, Germany), using the direct method 




∙ 100  ( 11 ) 
where l is the free induction decay (FID) of the liquid, s the FID of the solid, and s’ the 
FID the FID of the solid after a dead time (Figure 2.8) 
This method relies on NMR measurements of the free induction decay (FID) of a given 
sample after applying an electromagnetic 90° pulse. When such a pulse is applied, the 
nuclear spins align to the magnetic field, but once the pulse finishes, they slowly return 
to their original equilibrium resulting in a decaying signal. Because of the high mobility 
of molecules in the liquid (l), their return to the initial equilibrium is slower than in the 
solid (s). In fact, after 70 μs the only observable signal is that of the liquid (l). However, 
s is not directly measurable as there is an inherent dead time of the receiver, thus, s’ is 
measured instead 187-189. This value is corrected by a factor of f, which has already been 
50 
established for a variety of fats. Once all the previous values are obtained, the SFC 
values are easily determined automatically by the NMR software according to 
reference 190. 
 
Figure 2.8 Schematic of the signal of a partially crystallised sample after a 90 ° pulse, where s 
represents the combined signal of the solid and liquid fractions, s’ essentially represents the 
same as s, but after the inherent dead time, and l represents the signal of the liquid fraction 
only. 
 
Glass NMR tubes were filled with approximately 1.5 mL of molten CB (50 °C).  
Similarly, to the X-ray protocols, samples were heated to 50 °C for 10 minutes, and 
then, depending on the treatment, they were heated to 80 or 99 °C (maximum 
temperature allowed by the heat blocks of the equipment) and held isothermally for 
10 minutes. Once the samples had equilibrated at the corresponding temperature, they 
were cooled down to a crystallisation temperature of 20 °C. When this temperature was 
reached, it was held for 2 h, and measurements were taken at variable intervals. 
Given the limited amount of heating blocks present in the MiniSpec, as well as software 
limitations, it was not possible to obtain a continuous cooling ramp as in the DSC, and 
SAXS/WAXS protocols. Rather, a step-wise approach was utilised. For the 50 °C 
treatment, after thermal equilibration the samples were cooled down directly to 41 and 
35 °C, and finally to 20 °C in 3 °C steps. The 80 °C sample had to be cooled down 
initially in larger steps. Samples were first cooled down to 60 and 40 °C, after which 
the same protocol of the 50 °C treatment was followed, starting from 35 °C.  Finally, 
for the 99 °C treatment, the sample was initially cooled down to 80 °C, after which the 
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same temperature protocol of the 80 °C sample was followed. In all cases, the holding 
times corresponded to 1 minute per degree decreased, thus simulating a cooling ramp 
of 1 °C/min. Once the sample reached 20 °C, it was held for 3 min prior to the 
beginning of measurements for temperature equilibration. 
Final isothermal plots of SFC vs. time were made and fitted with the modified 
Gompertz equation (Equation 5) using the same Matlab® code as before. 
 
NMR techniques help investigate the dynamical properties of molecules, such as self-
diffusion, through the measurement of spin-lattice relaxation rates (R1=1/T1). These 
rates correspond to the time necessary for the nuclear magnetization to approach 
thermal equilibrium (Boltzmann equilibrium) after being perturbed by a magnetic 
field. This process is mediated by an exchange of energy between the nuclear spin 
energy and the system (i.e. the lattice) 191,192. 
Diffusion can be defined as the translational motion of molecules resulting from their 
own internal thermal energy, in the absence of molecular mixing 193-195. It is usually 
described by the diffusion coefficient (m2/s). It reflects the mean square displacement 
of molecules per unit of time. As this value increases, the molecules are expected to 
move, or diffuse faster, whilst when lower values are observed the molecules are 
expected to diffuse at a slower rate. 
The diffusion coefficient depends primarily on temperature, viscosity, and the size of 
the molecules. Diffusion tends to increase alongside temperature, as molecules become 
more mobile. The opposite effect is observed with viscosity and molecular size, to 
which diffusion is inversely proportional, as described by the Einstein-Stokes relation 




  ( 12 )  
where KB is the Boltzmann constant, b relates to the boundary conditions, and is 
usually either 4, for large volume molecules, or 6, for small volume molecules, η is 
viscosity and rs is the radius of the molecule. 
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The “Golden standard” for measuring diffusion coefficients is the spin-echo (SE) pulse 
field gradient (PG) technique194. This technique is based on a single SE technique. This 
relies on first applying a 90° pulse along the x direction so that it shifts towards the xy 
plane, in the y axis (Figure 2.9). Once the pulse is removed, the fields begin to de-
phase, some clockwise, and some anti-clockwise, depending on their magnetisation. 
After a time of de-phasing, τ, a 180° pulse is applied so that the spins are re-orientated 
on the y axis (Figure 2.9). Because the spins keep precessing at the same frequency as 
before, they cluster once more at time 2τ forming an echo (Figure 2.9). If a 180° pulse 
is continuously applied, a decay is observed caused by what is known as T2 relaxation, 
which stops the spins from dephasing fully. Therefore, the SE technique can be used 
for measuring T2 
157, 194, 196, 197. 
 
Figure 2.9 Spin echo pulse sequence. An initial 90° pulse is performed to de-phase the spins, 
and after a time τ, a 180° pulse is applied to invert the position of the spins, but not the direction 
in which they travel. This eventually generates an echo, after τ, as the spins once more realign 
on the +y axis 158. 
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However, diffusion is best estimated when the measured decaying amplitude of the 
echo is only caused by a pulse gradient, PG, rather than T2. Thus, instead than 
continuously applying 180° pulses after a time τ (ms), a pulse gradient of amplitude g 
(50 G/cm/A), and duration δ (ms), is applied after the 90 and 180° pulses (Figure 2.10). 
Furthermore, all the delays, including the time between the two pulse gradients (ms), 
Δ, are kept the same, so that the attenuation effect of T2 is only observed as a constant 
factor (Figure 2.9 and 1.8). 
The observed decay in the echo amplitude (signal decay) is described by the Stejskal-




3 ( 13 ) 
where Sg represents the signal as affected by diffusion, S0 the initial signal, D the 
diffusion factor, and γ the gyromagnetic ratio of hydrogen. The previous equation can 




Figure 2.10 Pulse field gradient spin echo (PGSE) sequence (adapted from reference 158). 
PGSE-NMR Experimental protocol 
For temperatures below 50 °C, 5 mm glass NMR tubes were filled with approximately 
1 cm of molten CB (50 °C), which was then allowed to solidify for at least a week at 
ambient temperature. For treatments above 50 °C, a glass capillary of 2 mm inner 
diameter was filled with 0.5 cm of molten CB. This capillary was sealed and inserted 
in a 5 mm glass NMR tube. This set-up was necessary to reduce convection, which 
causes an over-estimation of the diffusion coefficient199, 200. 
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Self-diffusion coefficients were measured on a Bruker Avance II 400 MHz with a 
diffusion probe (Diff50). The diffusion time, Δ, was 60 ms, and the pulse gradient 
duration, δ, was 4 ms for all measurements. Measurements were taken at 35, 37, 40, 
50, 60 and 70 °C. The samples were left to equilibrate for 10 min prior to 
measurements. Temperature was controlled with an accuracy of ±0.1 °C.  
Data Analysis 
The signal attenuation as a function of gradient, was fitted using the Stejskal-Tanner 
equation (Equation 11), as shown in Figure 2.11157, 194, 201. Diffusion coefficients were 
determined from the signal intensity measured as the area of the strongest peak in the 
spectrum, which represents the CH2 groups within the fatty acid chain (Figure 2.12). 
 
Figure 2.11 Integral intensity vs gradient field strength curve of the 1H-NMR CH2 peak of 
cocoa butter at 60 °C. The blue filled circles represent the experimental values, whilst the blue 
continuous curve represents the fit using equation 11. 
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Figure 2.12 1H-NMR spectrum of CB at 50 °C. The arrow indicates the peak related to the CH2 
groups of the FA chain. 
 
 An alternative method to measuring diffusion is by the analysis of relaxation data, this 
was previously hard to achieve as most NMR machines only allow measurements at 
one specific field, usually above 2 MHz. This is far from ideal as slower molecular 
motions can only be observed at magnetic strengths of a few kHz. FFC-NMR then 
presents a solution to this problem as it not only allows for changes in the applied field, 
but also covers a range from kHz to hundreds of MHz191, 192, 202. 
A standard FFC NMR experiment consists of cycling the Zeeman field, Bo, applied to 
the sample through three different values (Figure 2.13). First, a high magnetic 
polarization field, Bpol, is applied to pre-polarise the sample to increase signal intensity 
by achieving magnetization saturation. Then, the sample relaxes in a second field, 
Brelax, for a period τ, allowing the magnetization to reach a new equilibrium. Thirdly, 
the field is set to a detection value, Bacq (acquisition field), that allows the observation 
of the magnetisation and the FID191, 202-204 . 
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Figure 2.13 Typical FFC-NMR experimental set-up (adapted from 205 and 191).  
 
It is during the second step that the key processes needed for diffusion measurements 
occur. As mentioned before, when the field is switched to Brel new equilibrium 
conditions are reached after the 1H magnetisation decreases in time. This decay is 
usually exponential, with a time constant referred as the spin-lattice relaxation time T1. 
The spin transitions are induced by the fluctuations of magnetic dipole-dipole 
interactions of both intramolecular and intermolecular proton sites. As such, the 
measured R1 is the sum of both contributions.   
On the one hand, the intramolecular relaxation is associated with molecular rotation, 
which changes the vector orientation between the nuclei (protons) within a molecule 
with respect to the external magnetic field. On the other hand, the intermolecular 
relaxation the dipole interactions are associated with molecular translation. The 
previous causes changes in the internuclear axis, as well as in the separation between 
the different molecules 206.  
Previous work applying FFC NMR on edible oils has been limited, and in fact has not 
explored diffusivity or the impact of temperature, making this experiment the first one 
of its kind. 
Sample preparation and thermal protocol 
Glass NMR tubes of 0.8 mm inner diameter were filled with approximately 2.5 cm of 
West African CB previously molten at 50°C. Samples were then allowed to solidify 
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for at least a week at ambient conditions prior to measurements. 1H NMRD profiles 
(R1 vs. proton Larmor frequencies) were obtained on a Stelar Smartracer FFC NMR 
Relaxometer (Stelar s.r.l., Mede, PV, Italy) using different thermal treatments as 
described below. 
Samples were heated from 22 °C (minimum temperature reached by the FFC-NMR 
equipment) to 25, 27, 30, 35, 37 and 40 °C and subsequently to either 50 or 110 °C in 
10 °C steps. The sample was then cooled down to 22 °C, following a reversed protocol 
in cooling direction. Samples were allowed to equilibrate to each temperature for at 
least 10 minutes on heating, and at least 15 minutes on cooling, prior to any 
measurements. 
The proton spins were submitted to a Bpol corresponding to a Larmor frequency 
(νL = ωL/2π) of 7 MHz for a period of polarization (Tpol) of about five times 
the T1 estimated at this frequency. Afterwards, the magnetic field was switched to the 
necessary value (Brelax) corresponding to νL in the range 0.01–10.0 MHz for a period τ. 
FIDs were recorded following a single 1H 90° pulse applied at a Bacq of 7 MHz. Field-
switching time was 2.5 ms, while the spectrometer dead time was 15 to 20 μs. A 
recycle delay of 0.5 s was always used. A non-polarized FFC sequence was applied 
when the relaxation magnetic fields were in the range of 10.0-1.6 MHz. A polarized 
FFC sequence was applied in the proton Larmor frequencies Brelax range of 1.6–
0.01 MHz. 
Data Analysis 
Diffusion calculations could only be done above 35 °C during the heating ramp, as 
below this temperature samples remained solid. This helped to establish the presence 
or absence of hysteresis in the measured diffusion values between heating and cooling 
events. Moreover, as the sample did not crystallise immediately on reaching 22 °C after 
either thermal treatment, it was possible to calculate the diffusion value of CB at such 
low temperature, and thus, compare the two different treatments.  
Diffusion factors were calculated from the obtained R1 values
206 applying equation 14. 
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√𝜐 ( 14 ) 
where 𝜐 is the frequency, N the number of nuclei (in this case hydrogen), 𝜇0 is the 
magnetic constant, 𝛾𝐻 is the gyromagnetic factor of hydrogen, ℏ is the reduced 
Planck’s constant, and D is the diffusion factor in m2/s. 
From equation 14, it is evident that from the slope of the curve of R1 vs√𝜐, B can be 
estimated (Figure 2.14) . From this value, D was estimated using a minimum squares 
refinement. However, additional information was needed, as N is not available in 
literature and is defined in equation 15 as 
𝑁 = 𝜌𝑛/𝑀 ( 15 ) 
where ρ is the density, n is the number of hydrogens and M the molar mass. For the 
last two parameters, an average of the values of the three main TAGs in CB were used, 
whereas for the density, measurements were performed as described in the following 
section. 
 
Figure 2.14 R1 vs √𝝊 of cocoa butter at 35 °C. The full circles correspond to the experimental 
values, while the solid blue line corresponds to the linear fitting. 
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Finally, all diffusion factors were plotted against temperature and fitted according to 
the linearized version of the Arrhenius equation207 (16): 
ln𝐷 = ln𝐷0 −
𝑄𝑑
𝑅𝑇
 ( 16 ) 
where Do is the pre-exponential factor (m
2/s), which is independent of temperature, Qd 
is the activation energy, and R is the ideal gas constant, and to the Vogel-Fulcher-
Tammann (VFT) equation (17): 
ln𝐷 = ln𝐷0 −
𝐵
(𝑇−𝑇0)
 ( 17 ) 
where Do is the pre-exponential factor (m
2/s), which is independent of temperature, B 
is a material dependent parameter that can be associated to the activation energy, and 




As mentioned before, density measurements were indispensable for the calculation of 
the diffusion factor and compressibility calculations. Hence, the density of CB was 
measured in a DMA 4500 vibrational density meter (Anton Paar, GmbH, Graz, 
Austria) at different temperatures: 25, 27, 30, 35, 40, 45, and 47 °C, and from 50 °C to 
100 °C in 10 degree steps. 
 
Measurements were performed using a ResoScan® instrument (TF-Instruments, 
Heidelberg, Germany). The ResoScan® system operates based on the resonance 
technique. It consists of two independent cells with a path length of 7.0 mm. They are 
embedded into a metal block which is temperature controlled by a Peltier system with 
a precision of 0.001 °C. Each cell consists of a small cylindrical cavity with a lithium-
niobate piezoelectric transducer at each end. One of the transducers transforms the 
electrical signal into a mechanical force, generating a sound wave, which then travels 
through the sample and is received by the other transducer. This second transducer has 
a double function: it transforms the sound wave into an electrical signal, and it also 
reflects the wave, thus establishing a standing wave pattern (Figure 2.15) 210. 
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Figure 2.15 Establishment of standing wave between transducers211. 
During initialisation, a frequency range of 7-8 MHz is used, and the amplitudes of the 
resonance peaks generated are recorded. From these peaks the system automatically 
selects the optimal “master peak” which is then used as a reference to calculate the 
ultrasonic velocity and attenuation of the sample. Prior to measurements, the 
instrument was initialised at 85 °C with a 0.2 mL sample of molten CB. The sample 
was then cooled down to 25 °C at 300 mK/min, taking measurements every 10 s, using 
an input of 18 dB.  
From these measurements, the compressibility of CB was calculated from the 




 ( 18 ) 
Where c is the speed of sound, B is the bulk modulus defined as the reciprocal of the 
bulk modulus, and ρ is the density of the material.  
It is known that whilst both liquids and solids are not highly deformable, the former 
are more susceptible to deformations than the latter. Therefore, measuring the 
compressibility gives an idea of changes in the susceptibility to deformation, even in 
the liquid, therefore, small structural differences can be inferred from these 
measurements165. 
 
Given that 110 °C is more than twice above the average temperature at which CB is 
usually melted, it was necessary to check its oxidative stability at such temperature. 
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This was evaluated through the oxidative stability index (OSI) method, using a 
Rancimat 743 (Metrohm, AG, Switzerland). 
 
Figure 2.16 Sample curve of OSI determination (conductivity vs. time) where the turning point 
is identified automatically by the Rancimat’s software as the maximum peak of the second 
derivative. 
The OSI method 213 relies on heating a sample (3 g ± 0.5 g) of oil or fat through which 
purified air is pumped at a constant rate (20 L/h). The air coming out of the sample 
tube is collected and transferred to a container with deionised water, of which the 
conductivity is monitored continuously.  As oil oxidation processes arise and develop, 
a variety of volatile components, such as formic acid, are formed. These then solubilise 
with the deionised water, thus changing its conductivity (Figure 2.16). The turning 
point is then determined through the maximum peak of the second derivative of the 
conductivity vs. time curve. This point is an indication of the life-time of the product 
at the conditions used. 
 
TAG analysis was performed by gas chromatography (GC) by and at Nestlé, Product 
Technology Centre, York according to the AOAC official Method 986.19 in a GC 
Agilent 6890 with a FID detector, and an Agilent DB17-hT column (30 m, 0.25 mm, 
0.15 µm). 
Briefly, the fat samples were initially dissolved in hexane in a 5 mg/mL concentration, 
from which a 20 µL sample was injected. The temperature protocol used was as 
Time  (h) 
62 
follows: starting from an initial temperature of 200 °C, the temperature was then 
increased to 325 °C, at a rate of 5 °C/min, and held for 10 min, always maintaining the 
injector and detector temperatures of 330 and 360 °C, respectively. Identification and 
quantification of each TAG was performed by comparing the obtained chromatographs 
(retention times and peak area) to those of the standards. 
 
 
For the off-line measurements, CB was treated in a bespoke high-pressure machine 
with pending patent approval (Figure 2.17). Briefly, it consists of two main connected 
vessels. The first one is for containing the molten CB, which is then pumped into the 
heat exchanger, where CB is cooled to the desired temperature, and where hydrostatic 
pressure can be applied. After the temperature-pressure treatment is finished, the 
processed CB is pumped out. 
The machine was initially heated to 50 °C for at least an hour to melt any remaining 
solid CB. The cooling vessel was then set at the desired temperature. Once this was 
reached, approximately 100 g (capacity of heat exchanger) of CB were pumped out, to 
ensure that only non-treated CB was used for the pressure treatment:  
1. Melting of CB at 50 °C in the holding vessel. 
2. Pumping of the CB into the heat exchanger pre-set at the crystallisation 
temperature (Tcryst) of 26 or 28 °C, allowing one minute for temperature 
equilibration. 
3. Pressurising of CB to a Pmax of 100, 200, 400 bar or 600 bar and holding for 
1 minute. An additional non-pressurised treatment was performed by holding 
the CB for an additional minute at the stated Tcryst. 
4. De-pressurisation. 
5. Sampling. 
Samples were received in rectangular moulds, from which a sub-sample was taken to 
fill quartz disposable capillaries, which were then sealed using the same protocol as 
before. Both sets of samples were transferred to a temperature-controlled incubator 
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kept at 18 °C for 30 minutes. The capillaries were then immediately put inside the 
freezer, whereas the moulds had to be left inside a refrigerator at 4 °C for 15 min, so 
that the samples could be de-moulded and then frozen to prevent polymorphic 
transformation. 
 
Figure 2.17 Diagram of bespoke temperature/pressure machine, where the holding vessel 
contains and melts the CB to be further pressure and temperature treated in the heat exchanger. 
 
Measurements were performed in a SAXSpace machine, as described earlier using the 
same SDD, and following the same data treatment regarding correction, normalisation 
and background subtraction. 
The frozen capillaries were measured using SAXS/WAXS at 15 °C allowing for 
5 minutes to equilibrate in temperature. The exposure time used was of 10 minutes. 
The resulting X-ray profiles were used to identify the polymorphic structures present 
in each treatment, based on literature values20, 121, 123. 
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The melting profiles of all samples were analysed using a Diamond DSC with Hyper 
DSC (Perkin Elmer, UK). Samples of 1.350 ± 0.002 mg sealed between two 30 µL 
pans were heated from -30 °C to 70 °C at a rate of 50 °C/min. The high heating rate, 
in comparison to the work of Nightingale et al. and Hachiya et al.130, 214, was chosen 
for being the one currently used in industry to avoid the transition from unstable to 
stable polymorphs during heating214. The melting points were determined from the 
peak maxima of the thermograms. 
 
Pressure microscopy studies were performed at the Department of Chemistry of 
Imperial College London. 
Samples were observed with a Nikon Eclipse TE2000-E (Nikon Instruments, Japan) 
Microscope equipped with a high pressure set-up similar to that used for the pressure 
cell at Diamond Synchrotron Light Source 215. However, instead of using a  capillary, 
0.9 μL of molten CB were placed in a diamond cell with a glass coverslip (Figure 2.18 
and 1.16). The temperature was controlled through the circulating water which was 
also used to pressurise the system. Pictures were taken with an Andor Zyla sCMOS 
camera (Andor Technology Ltd, Belfast, Northern Ireland) during the pressurising, 
isobaric, and de-pressurising periods.  
Two sub-sets of experiments were performed. The first set was performed following a 
protocol based on that of the off-line measurements. Molten CB was directly put in the 
diamond cell, pre-set at one of two crystallisation temperatures (Tcryst), 26 or 28 °C. It 
was then pressurised to one of five different Pmax, namely atmospheric conditions, 100, 
200, 400 or 600 bar and held isobarically for one minute prior to depressurisation. Both 
pressurisation, and de-pressurisation ramps were applied manually. 
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Figure 2.18 Photographs of the pressure sample holder. Figure A shows the upper diamond 
window, where 1 is the diamond, 2 is the O-ring separating the sample from the pressurising 
water, and 3 is the fixating ring. Figure B shows the bottom diamond window where the sample 
is placed on top of the diamond window (4) 
 
Figure 2.19 Schematic of the sample set-up in the lower diamond window, showing the 
diamond (1), the double sided sticky tape (2) that is used to hold the glass coverslip (3), and 
the droplet of sample (4). 
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It was noticed that manual de-pressurisation took longer than the one observed in the 
bespoke machine. Therefore, it was decided to perform further experiments where the 
de-pressurisation was performed with a “jump”, i.e., by the opening of a computer-
controlled valve that allowed to either drop the pressure completely or to a pre-set 
value. This allowed to observe the effect of an almost adiabatic de-pressurisation, 
rather than isothermal de-pressurisation as in the first set.  
For this second set, the focus was on the use of a Tcryst of 26 °C and a Pmax of 400 bar. 
This temperature was selected to ensure a liquid sample from the start, whilst avoiding 
small crystal generation as would be expected from the use of 24 °C. The 400 bar were 
selected as it is the maximum pressure expected to be used industrially.  
The first experiment consisted of treating the sample at 26 °C and pressurising it to 400 
bar and holding the pressure for 2 minutes, followed by depressurisation to ambient 
temperature. The second experiment consisted of applying a cooling ramp down to 20 
°C after pressurising the sample, and finally depressurising the sample. Given that the 
morphology of a crystal cannot be directly associated with a specific polymorph 67, the 
crystals obtained after cooling to 20 °C were melted both, before and after the release 
of pressure, thus permitting the comparison of the effect of pressure on the melting 
points of the obtained crystal polymorphs.  
 
Simultaneous small- and wide-angle pressure X-ray scattering measurements were 
undertaken on beamline I22 at Diamond Light Source (DLS) using a wavelength of 
0.69 Å. 
2 mm disposable capillaries were filled with molten CB (50 °C) and mounted in the 
custom-built high-pressure cell described elsewhere 215. Briefly, the cell consists of a 
stainless-steel body with chemically vapour deposited diamond windows (1 mm thick, 
5 mm diameter) which can hold up to 5000 ± 10 bar. Temperature was controlled to ± 
0.2 °C using a jacket connected to an external circulator. Temperature in the cell was 
measured with an accuracy of ± 0.05 °C. An empty disposable capillary was measured 
at different pressures and used for the background scattering subtraction.  
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A first set of experiments was undertaken using 50 °C as Timax, and three different Tcryst 
were used: 24, 26 and 28 °C, as well as three different Pmax, 200, 400 and 600 bar, 
which coincide with the different pressure levels that can be successfully applied with 
the pressure rig described earlier. Additionally, it was decided to determine if some 
crystalline memory was retained in the liquid after depressurisation. This was achieved 
by cooling the fully de-pressurised sample to 15 °C, thus allowing it to re-crystallise. 
As before, an additional treatment was performed were no pressure was applied, but 
where the sample was held at the selected Tcryst for the equivalent time of the 200 bar 
treatment. 
Prior to starting any experiments, the pressure cell was set at the selected Tcryst. Once 
equilibrium was reached, the capillary, which had been previously held at 50 °C, was 
inserted and left to equilibrate for 10 min. Then, the pressure was raised in 50 bar steps 
to the corresponding Pmax, and held isobarically for 80 s before depressurising in 50 bar 
steps down to 50 bar. Frames were taken at each pressure step and continuously during 
the isobaric period, with an exposure time of 1 s. Pressure was then completely released 
and the temperature of the water circulator was set to 12 °C, resulting in a cooling rate 
of approximately 0.8 °C/min. Frames were taken with an exposure time of 1 s, every 5 
s.  
A second set of experiments was performed following a similar protocol as the one 
described above. Here, the main objective was to determine the impact of using a 
higher Timax (100 °C) on the pressure-induced crystallisation of CB. For this matter, the 
same three Tcryst as before were studied, but only one Pmax was selected, i.e 600 bar, as 
it was identified as the pressure that enhanced crystallisation the most. 
A third and final set was undertaken to determine the melting point of the developed 
crystalline structures. Therefore, the 50 °C treatments using the same three Tcryst as 
before, and 600 bar as Pmax, were repeated. However, no further cooling was applied 
in these treatments, but rather the samples were heated to 50 °C with a heating rate of 
approximately 0.5 °C/min prior to the release of pressure
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This chapter has as main objective to familiarise the reader with the different types 
of lamellar assemblies of CB, depending on the crystalline form – α1-, α2-, β’- or β – 
in which it is present. These smectic lamellar structures are best characterized 
through the calculation of electron density profiles (EDPs) from selected SAXS 
patterns of the different polymorphs. However, it should be noted that, as described 
in the introduction, a level of structuring is also expected in the molten state. Hence, 
a new model is proposed here which fits the experimental data. Whilst a general 
description of the model is provided, the reader is referred to the attached manuscript 
for further details166. 
The α1-phase EDP was calculated from an X-ray diffraction pattern obtained at 
Diamond Light Source synchrotron, where five peak orders were observed (Figure 
3.1), which is more than what has been previously reported in literature20, 123, 216, 
even for pure TAGs such as StOSt96, 98. This permitted obtaining a high-quality EDP 
(Figure 3.2), where the two positive electron density contrast correspond to the 
glycerol backbones, and the negative one to the methyl trough region of the 2L-layer 
structure. 
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Figure 3.1 Diffraction pattern of the α1-phase of CB obtained from measurements, where the 
characteristic 1st and 3rd order peaks are clearly visible (identified by arrows), as well as the 
2nd and 5th order (see insets). Adapted from 217.  
 
Figure 3.2 Electron density profile of the alpha-1 form. Adapted from 217.   
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The α2-phase EDP was calculated from an X-ray diffraction pattern obtained at 
Diamond Light Source synchrotron, where four peak orders were observed (Figure 
3.3), similarly to what has been reported for StOSt96, 98. The derived EDP differs 
from the α1-phase. It retains a negative electron contrast describing the methyl 
trough. However, two positive electron contrasts are present, describing the two 
glycerol backbone regions separated by the oleic acid chain region. Since the oleic 
acid chains of adjacent TAGs are interdigitating in this regime, the electron density 
contrast is small as compared to the methyl trough region (Figure 3.4). 
 
Figure 3.3 Diffraction pattern of the α2-phase of CB obtained from measurements where the 
characteristic 1st, 2nd and 4th order peaks are clearly visible (identified by arrows), as well as 
a small 3rd order peak as shown in the inset. 
In the literature97, it is suggested that either a slightly interdigitated 3L structure of 
partially molten TAGs or a mixed 2L/3L structure compose the α2-phase of StOSt. 
However, whilst slight interdigitations could be expected in a fully molten state due 
to the largely dynamic state of the molecules, as they start self-assembling, the FAs 
are expected to retain less mobility, thus reducing the possibility of interdigitation. 
In the case of the mixed 2L/3L structure, the problem lies in the good definition of 
the α2-peak, if a mixed layering were too occur, a broadening would be observable, 
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instead of a well-defined Bragg peak with clear higher order reflections. Therefore, 
here it is proposed that the TAGs are arranged in a 3L structure, though highly tilted 
(46.34 ° calculated from the α1-phase as the only structure with no tilt) with a large 
amount of synclinical bonds.  It is noted that a high degree of tilt would be surprising 
at this stage of crystallisation; however, this phase is highly unstable, thus allowing 
the possibility of such transient arrangement. 
 
Figure 3.4 Electron density profile of the α2-phase. 
In the case of the β’-phase, only three peak orders were observable, 1st, 3rd, and 5th 
orders (Figure 3.5). Note, the second and fourth order Bragg diffraction peak being 
practically zero, signifies a very low electron density contrast at a repeat distance of 
d/2 and d/4, respectively. Figure 3.5). Whilst this is usually deemed insufficient for 
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the application of a standard Fourier Transform approach174, in reality, it is 
considered that the scattering pattern actually provides information of four peak 
orders, rather than three, hence making the application of this method possible. This 
is inferred from the α-phase pattern, which has a considerably higher resolution and 
still does not show a 4th order peak, thus confirming that this 4th order truly has a 
form factor of zero. Given the strong similarity between the α- and β’-form lamellar 
structures, it is possible to assume that the same applies for the β’-form. 
The resulting EDP is essentially the same as that of the α-phase (Figure 3.6), though 
the d-spacing is smaller (4.46 nm vs. 4.93 nm of the α-phase), as expected from the 
tilting of the TAG molecules in the β’-phase. From the d-spacing of a non-tilted 
lamellar structure, 4.93 nm (α-phase), it derives that the TAG molecules in the β’-
phase are tilted at an angle of 25°. 
 
Figure 3.5 Diffraction pattern of the β’-phase of CB obtained from measurements where the 
characteristic 1st, 3rd and 5th order peaks are clearly visible (identified by arrows). Note, that 
regardless of the de-smearing procedure, this is not perfect and still modifies the shape of 
the peaks. 
 







Figure 3.6 Electron density profile of the β’-form. At the top of the EDP the arrangement of 
the TAG molecules is displayed with their, in correspondence with their electron density.  
In the case of the β-phase, more diffraction peaks were observable, as would be 
expected from its stability derived from a perfected crystalline structure (Figure 3.7). 
The derived EDP differs from the α2- and β’-phases, as its lamellar structure 
corresponds to a 3-L structure. This EDP retains a negative electron contrast 
describing the methyl trough. However, similarly to the α2-phase, two positive 
electron contrasts are present describing the two glycerol backbone regions separated 
by the oleic acid chain region. Since the oleic acid chains of adjacent TAGs are 
interdigitating in this regime, the electron density contrast is small as compared to 
the methyl trough region (Figure 3.8). 
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Figure 3.7 Diffraction pattern of the β-V form of CB. The characteristic peaks are identified 
with arrows. The peak between the 1st and 2nd orders is expected to be caused by remaining 
2L structures of either the β’-form or, more likely, the fully saturated TAG species97. Note 
that regardless of the de-smearing procedure, this is not perfect and still modifies the shape 
of the peaks. 
 




Figure 3.8 Electron density profile of the β-V form of CB. At the top of the EDP the 
arrangement of the TAG molecules is displayed, in correspondence with their electron 
density. The TAG structure is presented with its characteristic tilt of 63-66 ° (saturated FA 
chains), and an angle of 32-39 ° for the oleoyl chain (on the side of the glycerol backbone)218. 
All obtained form factor values and their corresponding phases of the α- β’- and β-
phases are summarized in Table 3.1.  
Table 3.1 Normalised form factors calculated from the peak intensities of the Bragg peaks 




















1 -1 1.0000  -1 0.7421 -1 1.0000 -1 0.6871 
2 +1 0.1724  -1 1.0000 --- --- -1 1.0000 
3 -1 0.6326  +1 0.1196 -1 0.5332 +1 0.1234 
4 --- ---  -1 0.4116 --- --- -1 0.1159 
5 -1 0.2376  --- --- -1 0.1800 -1 0.2534 
* Note that for the α2- and β-phases, it is the second order peak having the highest intensity. 
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As mentioned before, the best combination of phases for the first three peak orders 
of the α-phase, and for all the peak orders  of the β-phase were taken from97. For the 
β’-phase, only three peak orders were obtained, and the assigned phases are 
equivalent to those of the α-phase, which is not surprising given the similarity 
between the two structures.  
From the EDPs above, different parameters can be obtained (Figure 3.9 and Table 
3.2) such as the d-spacing, the density ratio (ρR) between the density of the glycerol 
backbones (ρc) and the methyl trough (ρG), as well as the distribution breadth of both 
electron density contrasts, σc and σG for the methyl trough and glycerol backbone, 
respectively, as shown in Figure 3.9.  
Table 3.2 Deduced structural parameters of the different phases of CB at 20 °C. 
Parameter α1-phase217 α2-phase β'-phase β-phase 
d-spacing (nm) 4.93±0.01 5.35±0.06 4.46±0.01 6.43±0.09 
zG (nm) 2.47±0.005 1.83±0.005 2.23±0.005 1.95±0.005 
σG (nm) 0.28±0.11 0.25±0.10 0.27±0.13 0.33±0.15 
σC (nm) 0.24±0.10 0.33 ±0.12 0.25±0.12 0.36±0.15 
ρR 0.82±0.10 0.59±0.01 1.00±0.10 0.69±0.10 
As mentioned earlier, the α- and β’-phases have very similar d-spacings, the small 
difference being caused by the FA chains being slightly tilted (25 °) in the β’-phase. 
The β-phase, as expected, has the largest d-spacing, as it corresponds to a 3-L 
structure. These results are in good agreement with the estimated values of StOSt by 
Mykhaylyk97, 98 who observed a d-spacing of 6.45 nm, and an inter-glycerol 
distance, ZGG, of 2.36 nm for the β-phase. In addition, the β-phase has the lowest ρR 
of all treatments, which is expected, as its ρG results from one glycerol backbone 
only. 
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Figure 3.9 Parameters describing a two-Gaussian EDP model of the (A) α- and β’-
polymorphs of CB. The ‘positive’ Gaussian at position ±zG (width σG) with an amplitude of 
ρG represents the glycerol backbone region and the ‘negative’ Gaussian (width σC) centred 
at zero models the hydrocarbon chain region (taken from reference 217). Figure B shows the 
EDP of the β-polymorph, which again could be described by a two-Gaussian model, with 
the difference, however, the neighbouring glycerol backbone regions are not overlapping but 
separated by the distance ZGG. In this respect note, that the electron density contrast of the 






Figure 3.10 A) Experimental SAXS pattern from molten TAGs at 110 °C (blue circles) and 
the simulated scattering profile with 2-Gaussian (dashed line and left hand diagram in B) 
and 3-Gaussian form factor model (solid line and right hand diagram in B). B) the electron 
density distribution curves are represented together with the corresponding molecular cluster 
model schemes. Taken from ref. 166  
Lastly, we draw attention to model the liquid phase of CB. As can be seen in Figure 
3.10 A (black curve), our proposed TAG cluster model fits the experimental data 
perfectly (see details in Materials and Methods). Moreover, it is noted that an 
additional model was also attempted which retained the core cluster of TAGs, but 
without considering loosely attached TAG molecules which are represented by the 
3rd Gaussian term in the final model (Figure 3.10 B, left hand side). This model does 
not fit the experimental data well, resulting in a depressed intensity of the broad peak, 
and an excess intensity in the area below 0.5nm-1 (Figure 3.10 A dashed red line). 
This strengthens the hypothesis that the clusters have an additional layer or “shell” 
of loosely attached TAGs.  
This outer shell is expected to lead to the crystallisation of CB, as it increased its 
coverage as temperature decreased166. Thus, if insufficient temperature is applied, it 
could contribute to the memory effect, defined as the presence of small crystallites 
that promote nucleation, but are too small to be detectable by experimental 
techniques, or even templating of the crystalline structure. However, under adequate 
heating conditions, the degree of occupancy is expected to decrease to such extent 
that templating would not be present, and the memory effect reduced, but rather 
would only act as heterogeneous nuclei. In other words, the liquid structures would 
then help reduce the surface energy barrier, but as they are not considered crystalline 
material, then they cannot be considered as promoters of crystal memory. 




Table 4.1 Triacylglycerol composition (g/100g) of the West African CB used in this work, 
compared to a similar West African CB, a fast (Malaysia) and a slow (Brazil) crystallising 
CBs154. 
TAG This work West African Malaysia Brazil 
POSt 40.15 ± 0.49 41.3 40.7 38.7 
StOSt 28.55 ± 0.49 25.5 25.9 23.8 
POP 16.15 ± 0.07 17.7 17.8 17 
PLSt 2.85 ± 0.21 2.86 2.67 2.97 
StOO 2.5 ± 0.28 3.01 2.82 5.96 
POO 1.8 ± 0.10 2.29 2.38 5.02 
PLP 1.6 ± 0.14 1.61 1.84 2.18 
StOA 1.1 ± 0.14 1.21 1.32 1.1 
PStSt 0.8 ± 0.0 0.65 1.03 0.32 
PPSt 0.7 ± 0.0 0.89 0.84 0.58 
MOP 0.3 ± 0.14 0.22 0.20 0.21 
StStSt 0.3 ± 0.0 0.78 0.56 0.24 
PLO 0.25 ± 0.07 0.43 0.49 0.34 
PPP 0.2 ± 0.0 0.22 0.22 0.26 
StLS+OOO+StLO 1.8 ± 0.1 1.33 1.29 1.38 
P – palmitic acid; O – oleic acid; St – Stearic acid; M – myristic acid; L – linoleic acid; 
A – arachidonic acid 
 
Overall, the CB used in this thesis is similar to that used by Foubert et al. 154 However, 
it has a slightly higher content of StOSt and PStSt, and a lower content of di-
unsaturated TAGs (StOO, POO, and PLO). Therefore, it is likely that its crystallising 
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behaviour is closer to faster crystallising CBs17, 154, 170 such as that from Malaysia. 
Nevertheless, it is not possible to disregard the relevance of minor components which 
were not analysed in this thesis, but would help obtain a further understanding of the 
mechanisms at play in the crystallisation of CB. These minor components are primarily 
free FAs, and phospholipids. The former has already been observed to affect the 
crystallisation kinetics of CB by Foubert 15, fully saturated FAs result in faster 
induction times, whilst the opposite is observed for higher concentrations of 
unsaturated FAs. The effect of phospholipids inherent to CB is not yet fully 
understood, partially because most literature only focuses on the analysis of 
phosphorus, and it has been made evident by Arruda and Dimick131, that the type of 
phospholipid and FA composition is relevant, rather than the amount in which they are 
present. 
 
From the contour plots in Figure 4.1 it is possible to observe that both the 50 and 80 °C 
treatments behaved in a similar fashion following the usual step-wise crystallisation: 
first crystallising into the α-form (within the first 15 min), followed by transformation 
into β’-IV form, which eventually started transforming into the β-V. Contrariwise, the 
110 °C treatment started crystallising after approximately 115 min (Figure 4.2), time 
at which a broad hump appeared covering the range of the three different spacings of 
the different polymorphs. Importantly, whilst the behaviour of the first four hours was 
confirmed by at least one repetition (± 10 min), the long-term behaviour was only 
performed once, therefore, further repeats would be advisable to confirm the 
transformation into the β-VI polymorph. 
Whilst a general behaviour of the treatments could be obtained through the contour 
plots, a more detailed analysis (see Methods section) was required to obtain more 
accurate times of appearance and disappearance of the different polymorphs (Figure 
4.2). This is particularly important for the identification of the β-VI form as it has a 
diffraction pattern very similar to that of β-V (Figure 4.2). From this more detailed 
analysis, minor but relevant differences between the 50 and 80 °C treatments were 
observed. Firstly, in the small-angle, the α-form of the 80 °C treatment had a longer 
life-time. Secondly, in the wide-angle regime, the 50 °C treatment developed the 
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characteristic α-phase peak within the first 15 minutes, whilst the 80 °C treatment, 
displayed a short delay and only started developing such peak after 25 minutes. Whilst 
the differences between the 50 and 80 °C treatments, at this stage, could be attributed 
to the stochastic nature of CB crystallisation, it is not the case of the 110 °C which 
presented a different behaviour to both 50 and 80 °C treatments, therefore raising the 
question of the mechanisms behind it. 
By pre-treating CB to 110 °C, the development of well-defined Bragg peaks was 
delayed considerably, appearing only after more than an hour. Nevertheless it should 
be noted that almost from the first frame, a low intensity, broad hump that covered the 
range of the three main polymorphs was evident, suggesting a large variability of 
stackings. This hump eventually resolved into two peaks corresponding to the α- and 
β’-forms. In the WAXS region, no evidence of the α-phase was found, but rather direct 
formation of the β’-phase orthorhombic subcell was observed, which is not expected 
at this temperature20, 154, 219. Nevertheless, given that the α-phase peak (4.24 Å) is very 
close to one of the β’-phase (4.25 Å) it is possible that the higher intensity of the latter 
does not allow the correct visualisation of the former.  
In the 50 °C treatment the β’-form SAXS peaks developed within the hour, whilst in 
the 80 °C treatment they appeared after 75 minutes. In both cases, the WAXS peaks 
developed alongside those in the SAXS region, in contrast with the 110 °C treatment, 
where the WAXS peaks developed at a later stage. 
Interestingly, the development of the β-V form followed a different behaviour than that 
of the other polymorphs. Here, the treatment that developed this phase the fastest, in 
both the SAXS and WAXS regimes, was the 110 °C treatment, followed by the 80 °C 
one, and finally the 50 °C one. In the case of the 110 °C treatment, the WAXS peaks 
developed at a similar time to the SAXS ones, whilst the 50 and 80 °C treatments 
showed a slight delay, thus indicating that for the development of the sub-cell of the β-
V, the 3-L lamellar arrangement must first be stabilised, and a higher amount of the 
other (2-L) phases hinders such sub-packing. Moreover, the development of the β-VI 





Figure 4.1 Contour plots of the isothermal crystallisation SAXS (A, C, E) and WAXS (B, D, 
F) scattering patterns of the three treatments: 50 (A, B), 80 (C, D) and 110 °C (E, F). The 
intensity of the patterns is in the z axis and is represented in the log scale. In the 50 and 80 °C, 
the dashed white lines divide the plot in four main areas, indicating the presence of the α-form, 
a mix of the α- and β’-forms, the β’-form, and a mix of the β’- and the β-V form, from top to 
bottom. In the case of the 110 °C treatment, the first region corresponds to the liquid phase, 
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Figure 4.2 Time ranges of presence of the different polymorphs as observed by SAXS (filled 
rectangles) and WAXS (gradient rectangles) in the three different Timax treatments: 50 (blue), 
80 (purple) and 110 °C (pink). Note should be taken that for the β-VI polymorph, the SAXS 
peak is not being reported as it cannot be distinguished from that of the β-V. Time is 
represented in minutes in the first section of the graph, d represents days; w, weeks; m, months. 
Overall, there was a difference in the induction of crystallisation and polymorph 
transformation between the three different treatments. When higher temperatures were 
used, an increased time of induction of the metastable phases and the β-VI polymorph 
was obtained, as evidenced by the slower appearance and/or definition of both the 
SAXS and WAXS region peaks. In contrast, the β-V developed faster with higher Timax, 
resulting in an increased stability of such form, thus slowing down the development of 
the β-VI polymorph. 
Besides the crystallisation times and polymorphic transformations, the changes of the 
d-spacings (calculated from the first-order peak position) of the three main polymorphs 
was tracked through the isothermal period (Figure 4.3). Note should be taken that no 
differentiation is made between different β’- or β-forms, because only the β’-IV was 
observed in these treatments, whilst the β-V and β-VI share the same d-spacing. 
In all treatments the α-phase had a consistent spacing, the slight decrease observed 
particularly in the 80 °C treatment (Figure 4.3 C) is likely caused by the strong overlap 
between the α- and β’-form peaks. The β’-form peak decreased slightly through time, 
possibly due to tilting. Regarding the small fluctuations observed after 24 h, they are 
thought to be caused by the capillary having slightly different positions at each 




whilst after a month they were closer to 4.4 nm (Figure 4.3 B, D and F). This behaviour 
is similar in all different treatments. 
In contrast, the d-spacing of the β-form had a different behaviour depending on the 
Timax used. The first observable difference between treatments is that the initial d-
spacing increased along with the Timax. Moreover, the d-spacing of the 50 and 80 °C 
treatments (Figure 4.3 A-D) increased as crystallisation progressed, until an average 
value of 6.6 nm was reached. In the 110 °C treatment (Figure 4.3 E and F), however, 
the initial value was close to 6.6 nm and remained constant as crystallisation continued. 
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Figure 4.3 d-spacings of the three main polymorphs observed during the isothermal 
crystallisation of thermally pre-treated CB at 50 °C during the first week (A) and from two 






Figure 4.3 (Cont.) d-spacings of the three main polymorphs observed during the isothermal 
crystallisation of thermally pre-treated CB at 80 °C during the first week (C) and from two 




Effect of thermal pre-treatment on the isothermal crystallisation of cocoa butter 87 
 
Figure 4.3 (Cont.) d-spacings of the three main polymorphs observed during the isothermal 
crystallisation of thermally pre-treated CB at 110 °C during the first week (E) and from two 






The advantage of performing DSC measurements is that they allow time-resolved 
experiments, hence the observation of the cooling curve and the first few minutes of 
the isothermal treatment was possible. Neither of these were recorded with our lab-
based X-ray machine.  
From the cooling curves it was made evident that the 50 and 80 °C treatments started 
crystallising prior to reaching the isothermal temperature of 20 °C, at approximately 
23 °C (Figure 4.4A), in agreement with previous studies154, 216, 219. However, the 110 °C 
treatment crystallised at a later stage during the cooling ramp, or on reaching 20 °C.  
During the isothermal period (Figure 4.4B), all samples showed three main exothermic 
events, the first one happening within the first 2 minutes (see inset). This did not allow 
for the calculation of the area under the curve, which is necessary if any kinetic models 
are to be applied for estimation of induction times and crystallisation rates. The second 
and third peaks overlapped in all treatments, though more strongly in the case of the 
110 °C treatment where, additionally, the peak maximum of the largest peak occurs at 
a later stage. Because of this overlap, it was decided to calculate the area under the 
curve between 15 and 120 minutes, in fractions of 5 minutes. The resulting mW/g vs 
time plots were then fitted using the modified Gompertz equation, as described in the 
Methods section, thus obtaining the following parameters: λ which represents the 
induction time, μ which is the maximum rate of crystallisation, and m which is the 
maximum amount of exothermic energy. 
The 110 °C treatment caused a longer induction time (Figure 4.5 A) of the second 
crystallisation event, whilst the maximum rate of crystallisation (Figure 4.5 B) and 
maximum amount of exothermic energy (Figure 4.5 C) were reduced. There was no 
significant difference observed between the 50 and 80 °C treatments in agreement with 
similar treatments performed by Foubert154. 
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Figure 4.4 Characteristic thermograms of CB on cooling (panel A) from 50 (blue), 80 (purple) 
or 110 °C (pink) to 20 °C at 3 °C/min, followed by an isothermal period (panel B) of the 







Figure 4.5 Modified Gompertz fit parameters of the partial areas of the second isothermal 
crystallisation peaks of the three different temperature treatments – 50 (blue horizontal lines), 
80 (purple vertical lines-), and 110 °C (pink squares). Panel A shows the values obtained for 
lambda, representing the induction time, panel B showsµ, which relates to the maximum 
crystallisation rate reached, and panel C shows m which is the maximum crystallisation 
reached (as represented by released heat). Statistically different treatments are indicated with 
a different letter (t-test with p-value of 0.05). 
Regarding the melting profiles (Figure 4.6), all treatments displayed two main peaks, 
one centred at 20 °C and another at approximately 32 °C. This suggests that the 
different treatments, though they crystallised at different times, developed the same 
polymorphs: the α-form, and the β’-form in combination with β-V-form, identified by 
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Figure 4.6 Melting thermograms of CB pre-treated to one of three temperatures, 50 (blue 
continuous line), 80 (purple dashed line) or 110 °C (pink dash-dot-dot line) and crystallised at 
20 °C. 
 
From the polarised microscopy images, it was evident that crystallisation occurred 
prior to reaching 20 °C, in agreement with the DSC results, in the form of small 
spherulites and individual crystals across all the visual field (Figure 4.7 A-B, E-F, I-J) 
as defined by Manning and Dimick220. After 1 hour, all treatments exhibited a granular 
morphology and no more clustering was observable suggesting that a crystal network 
now covered the visual field due to the different clusters growing into each other, 
similar to what has been observed by previous authors21, 221. 
After one day, only the 110 °C treatment had developed new structures, i.e. spheres 
with a granular centre, but with larger crystals in the periphery. After two days (Figure 
4.8), all treatments had developed similar structures, although the periphery crystals in 
the 110 °C treatment had grown further and started developing in the centre of the 
spheres. 
By the third day (Figure 4.9), these spheres continued to form, grow in size, and the 
longer crystals started to occupy larger portions. Moreover, all treatments started 
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developing new morphologies. The 50 °C developed crystals similar to the spiney 
rosettes observed by Davis and Dimick220, whilst the 80 °C and the 110 °C treatments 
developed larger feather-like dendritic spherulites, which would sometimes grow from 
the side of the original circular clusters or their centre.  
After four days not only was crystal growth evident, but also the development of new 
morphologies. In the 50 °C sample (Figure 4.10 B) clustering of the longer crystals 
was evident, without any sign identifiable by the use of the wave plate. In the 80 °C 
treatment (Figure 4.10 D) some spherulites either developed from the centre of larger 
ones, or were enveloped by them. Moreover, some branches started growing from the 
edges of the spherulites in the 50 and 80 °C treatments (Figure 4.10 B and D). In 
addition, it was possible to observe that some of the original spherulites formed at 50 
and 110 °C (Figure 4.10 C and E) have a positive sign, i.e. that molecules are parallel 
to the radial direction222, 223. However, the spiney crystals surrounding them are 
negative. In the 110 °C treatment, clusters of spiney crystals were also evident, close 
to some of the spherical morphologies with long crystals in their periphery. These 
clusters, unlike those surrounding well-developed spherulites, did not develop a 
specific sign, similarly to the 50 °C treatment. 
After a week (Figure 4.11), a few new morphologies still developed. In the 50 °C 
treatment feather-like spherulites had nucleated and grown (Figure 4.11 D), whilst in 
the 110 °C treatment the new spherulites tended to be more irregular in morphology, 
whilst still presenting distinct colouring (Figure 4. G). Importantly, the clusters of thin 
crystals surrounding spherulites developed feather-like, longer structures in the 
periphery, some of them with distinct colouring (Figure 4.11 B and K). 
After two weeks (Figure 4.12), growth continued across all treatments and crystal 
morphologies, to the point where some of the spherulites started to impinge on each 
other (Figure 4.12 E). Moreover, some of these structures developed a border of longer 
feather-like structures, with either distinct or mixed colouring (Figure 4.12 E, H and 
L). Finally, new petal-like crystals also developed, which on occasion seem to have 
nucleated independently (Figure 4.12 I), whilst other developed from some of the 
initial circular structures with longer crystals in the periphery (Figure 4.12 F). 
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Figure 4.7 Polarised microscopy of CB heated to 50 (A-D), 80 (E-H), or 110 °C (I-L), cooled 
down to 20 °C at 3 °C/min and held isothermally for one hour. Panels A, E, and I correspond 
to the start of the isothermal period; panels B, F, and J, correspond to approximately 10 min of 
the isotherm using a 50x objective; panels C, G, and K are observations made after 1 hour 
using a 20x objective; panels D, H, and L are observations made after 1 hour using a 50x 













Figure 4.7 (Cont.) Polarised microscopy of CB heated to 50 (A-D), 80 (E-H), or 110 °C (I-L), 
cooled down to 20 °C at 3 °C/min and held isothermally for one hour. Panels A, E, and I 
correspond to the start of the isothermal period; panels B, F, and J, correspond to approximately 
10 min of the isotherm using a 50x objective; panels C, G, and K are observations made after 
1 hour using a 20x objective; panels D, H, and L are observations made after 1 hour using a 
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Figure 4.8 Polarised microscopy, of CB crystallised at 20 °C. Panel A refers to the 50 °C 
treatment after 48 h, panel B to the 80 °C treatment after 48 h, panel C to the 110 °C treatment 











Figure 4.9 Polarised microscopy, of CB crystallised at 20 °C after three days. Panels A and B 
refer to the 50 °C treatment, panels C and D to the 80 °C treatment, and panels E to G are 
images from the 110 °C treatment. All images were taken using a 50x objective, except for 
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Figure 4.10 Polarised microscopy, of CB crystallised at 20 °C after four days. Panels A to C 
refer to the 50 °C treatment, panel D to the 80 °C treatment, and panels E to F are images from 
the 110 °C treatment. Images A, B, and D were taken using a 50x objective, the rest were taken 








    
   
Figure 4.11 Polarised microscopy, of CB crystallised at 20 °C after one week. Panels A-D 
show images of the 50 °C treatment and panel E, the 80 °C treatment. Images in panels A and 
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Figure 4.11 (Cont.) Polarised microscopy, of CB crystallised at 20 °C after one week. Panels 
H-L show the the 110 °C treatment. Images were taken with a 20x objective, except I and J. 











   
Figure 4.12 Polarised microscopy, of CB crystallised at 20 °C after two weeks. Panels A to E 
show images of the 50 °C treatment, and F to H, the 80 °C treatment. Images in panels C, and 
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Figure 4.12 (Cont.) Polarised microscopy, of CB crystallised at 20 °C after two weeks. Panel 
I corresponds to the 80 °C treatment, and J to M the 110 °C treatment. Images in panels I and 
J were taken using a 50x objective, the rest are 20x images. The bars represent 50 µm. 
 








Figure 4.13 PLM images of CB crystallised at 20 °C for two weeks and melted at 1 °C/min. 
Panels A, D and G are the images prior to the heat treatment (20 °C), panels B, E and H (at ca. 
31 °C) show the petal-like structures disappearing after the background, whilst panels C, F and 
I (at ca. 33 °C) show how after the petal-like crystals have disappeared completely, the feather 
like structures remain present. Panels A-C are from the 50 °C treatment, and panels D-F from 
the 80 °C treatment. The bars represent 50 µm.  
 
A B C 
D E F 
G H I 
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Figure 4.14 Polarised microscopy image of the melting crystals (at 31.14 °C) of the 110 °C 
treatment. The arrow indicates some of the areas where the concentric rings, or darker lines 
are observed. The bar represents 50 µm. 
On melting, the wave plate was used again as it made it easier to detect the point at 
which crystals fully disappeared. The melting occurred in stages, starting from when 
the small spherulite granular background melted, followed by the start of the 
disappearance of the petal structures (Figure 4.13 B, E and H) and finalised when the 
feather-like crystals eventually disappeared (Figure 4.13 C, F and I). Interestingly, the 
feather crystals initially displayed mixed colours, suggesting a lack of specific 
alignment. However, as melting progressed, distinct yellow-orange and blue colouring 
areas were revealed. This evidenced that the organisation of these feather-like 
structures changes across their thickness. Moreover, the petal structures, during 
melting, displayed dark lines similar to the concentric rings (Figure 4.14) that have 
been related to twisted chains, and screw dislocations183, 184, 224, 225. 
Regarding the melting temperature ranges (Table 4.2), the granular background 
behaves in a similar fashion in all treatments, melting between 25 and 28 °C. These 
temperatures coincide with the melting temperatures of forms β’-III and β’-IV. The 
next morphology to melt was that of the petals, in the range between 28 and 33 °C 
corresponding to the β-V form, and finally, the feather-like structures melt in a range 
that sits between the melting temperatures of the β-V and β-VI forms (29.4 to 35 °C). 
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Furthermore, both the petal and feather structures increased in melting temperatures 
alongside the Timax used.  
Table 4.2. Range of melting temperatures (°C) of the three main crystal morphologies observed 
by polarised microscopy in the three different Timax treatments of cocoa butter crystallised at 
20 °C. 
Morphology 50 °C 80 °C 110 °C 
Granular background 25.12 - 27.88 25.04 - 27.90 25.05 - 28.09 
Petals 28.60 - 32.85 28.11 - 32.97 29.33 - 32.96 
Feathers 29.41 - 34.05 29.93 - 34.59 30.12 - 34.99 
 
Similarly to the DSC results, all treatments displayed two crystallisation events in the 
SFC curves. The first one occurring from the start of the isothermal period until 
approximately 30-35 minutes, followed by a second stronger one, that only started 
reaching stability after two hours. Here, the modified Gompertz equation was also used 
to fit the experimental data (Figure 4.15). It is important to mention that time zero was 
assigned to the first measurement at 20 °C, which, in principle, allowed for the fitting 
of the first crystallisation event, giving it an advantage over the DSC measurements. 
However, the 50 and 80 °C treatments started crystallising prior to reaching 20 °C, 
resulting in negative times of induction. The 99 °C treatment was the only one with a 
positive induction time. Nevertheless, differences were still observable between the 50 
and 80 ° treatments (Figure 4.16 A), the latter resulting in a longer induction time (less 
negative) than the 50 °C one. Similarly, the induction times of the second 
crystallisation event significantly increased alongside temperature, though differences 
are smaller than to the DSC values (Figure 4.5), attributable to the lower sensitivity of 
SFC measurements. 
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Figure 4.15 SFC measurements during isothermal crystallization at 20 °C. Blue squares refer 
to a Timax of 50 °C; purple circles to 80 °C, and pink upward triangles to 99 °C. The error bars 
represent the standard deviation of n=2. 
Regarding the maximum rate, there were no significant differences (p-value > 0.05) 
between the three treatments during the first crystallisation event. However, in the 
second event, this rate decreased significantly for the 99 °C treatment, similarly to the 
DSC results. 
In the maximum SFC (Figure 4.16 E and F), a decreasing trend with increased Timax is 
observed during the first crystallisation event, although it is not statistically different, 
mainly due to the larger error observed in the 50 °C treatment. 
  
























Figure 4.16 Fitting parameters from the two crystallisation steps observed by SFC 
measurements of the three different Timax treatments: 50 (blue horizontal lines), 80 (purple 
vertical lines) and 100 °C (pink crossed). Panels A-C are the values obtained for the first event 
(first 30 min), and panels D to F are the values for the second event (40 to 120 min). 
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Table 4.3 Times of the start of the development of the SAXS peaksα- and β’-forms determined 
from the X-ray scattering patterns; temperatures at which the first DSC peaks began to develop 
and the time of induction (λ) of the second isothermal event; temperatures at which SFC started 
to increase in the first sigmoidal region, and the time of induction (λ) of the second 
crystallisation event detected in the same SFC measurements. 
Treatment 
(°C) 












(λ - min) 
50 <15 55 ≤ 25 30.91 ± 0.30 >20 40.21 ± 0.13 
80 <15 65 ≤ 25 32.31± 0.12 > 20 41.76 ± 0.49 
100/110 115* 115* ≤ 21 68.43 ± 2.96 20 46.70 ± 0.56 
*These are marked with an asterisk because crystallisation, or lamellar organisation 
was observable from the first frame as broad humps (Figure 4.1), but well defined 
peaks were only evident after almost two hours. 
Regarding the first crystallisation event, all three techniques are in agreement, as 
crystallisation began, in most cases, before reaching 20 °C, or in the case of the 110 °C 
treatment, it would began upon reaching 20 °C or only slightly before. 
There is a large discrepancy between the times of the second crystallisation event, 
presumably the transformation/nucleation into the β’-form. Both the DSC, and the SFC 





Figure 4.17 Diffusion factors calculated using FFC-NMR vs. temperature of the 50 (A) and 
100 °C (B) treatment. The orange upward triangles symbolise the factors calculated during the 
heat treatment, only values from 35 °C are shown as prior to this temperature the sample was 
too solid for diffusion calculations. The grey downward triangles represent the values obtained 
on cooling the sample. Here it was possible to calculate diffusion factors down to 22 °C as 
crystallisation is not immediate. Both heating and cooling treatments were performed step-
wise, allowing for at least 10 min for temperature equilibration (taken from reference226.). The 
error bars correspond to the standard deviation of at least n=2. 
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Figure 4.18 Arrhenius plots of diffusion factors during the cooling ramp for both, the 50 (blue 
circles) and the 100 °C (pink squares) treatments. A linear (Arrhenius) function was fitted 
through linear regression to the 100 °C values (A), from which the activation energy was 
estimated. However, as the diffusion curve does not follow a linear trend, a VTF curve was 
also fitted to both temperature treatments (B) (dashed blue and pink lines, corresponding to the 






Figure 4.18 (Cont.) Ln of diffusion values of CB upon heating from 35 °C to 50 (blue circles) 
or 100 °C (pink squares) and their corresponding VTF fits (dotted blue and dashed pink lines, 
corresponding to the 50 and 100 °C treatments, respectively). Taken from reference226. 
 
No hysteresis was observable in the heating-cooling steps in the 50 °C treatment 
(Figure 4.17 A), whilst in the 100 °C treatment (Figure 4.17 B), at 70 °C, a deviation 
was observed upon cooling. Surprisingly, during the cooling ramp, a slightly lower 
diffusion factor was observable in comparison to the heating ramp, which, if 
significant, would suggest a transition in the organisation of the molecules such as the 
crystallisation of fully saturated TAGs, hindering molecular motion. 
From Figure 4.18 A, two main conclusions are reached. Firstly, there is no difference 
between the 50 and 100 °C treatments, in terms of the diffusion factors. Secondly, the 
diffusion factors do not follow a linear trend, as there is a change in the slope between 
40 and 70 °C. Because of this, it was decided to apply the VTF equation (Figure 4.18 
B), which is commonly used for glass-forming and crystalline materials, such as 
polymers227-232, as their behaviour is variable throughout different temperature 
regimes207, 233. This resulted in a better fit. 
C 
Effect of thermal pre-treatment on the isothermal crystallisation of cocoa butter 111 
Table 4.4 Parameters from the fitted VFT and Arrhenius equations from the three different 
thermal treatments226. The values shown for tristearin (StStSt) and triolein (OOO) were taken 
from reference234. 




















B (A.U.) 294.91±7.3 289.98±7.5 200.132±8.5 299.61±7.1 --- --- 
T0 (°C) -38.2±7.6 -39.0±2.9 -25.5±1.0 -31.80±1.9 --- --- 
D0 (m2s-1) 












35.61±0.74 43.26±0.86 25.43±0.50 28.66±0.57 27.0 28.1 
 
The calculated D0 and activation energy values from both the Arrhenius and VFT fits 
(Table 4.4) are dependent on the Timax and the ramp (cooling or heating) at which the 
measurements were taken. Overall, the 50 °C treatment led to an overestimation of 
both values, in comparison to literature values234. However, it should be kept in mind 
that this temperature is below the melting temperature of the β-form of tristearin and 
tripalmitin, both of which are present in CB. In the case of the 100 °C treatment, the 
values were expected to lie between those of StStSt and OOO. However, on heating, 
the D0 (Arrhenius) was slightly lower than that of StStSt, whilst on cooling, it is closer 
to OOO. These differences can arise from the approach used for measurements, as we 
have shown here. Fitted values are different depending on whether measurements are 
taken on cooling or heating, and the temperature ranges used. Therefore, the D0 values 
are still considered to be within literature ranges. 
Whilst the overall trends of D0 obtained by either the VFT or Arrhenius equations are 
comparable, the actual values differ considerably. It is thought that the Arrhenius 
equation leads to an overestimation of the D0 as it does not take into account the 
reduction in the rate of diffusion increase alongside temperature. Hence, the VFT 
values are considered more representative. Furthermore, the VFT equation also allows 
the estimation of T0 which is related to either the glass or crystallisation temperature
207. 
Here, the heating treatments resulted in higher values than the cooling ramps, and so 
did the 50 °C treatment when compared to the 100 °C one.   Moreover, all T0 are below 
0 °C, which can be associated with the formation of the γ-form which is only observed 
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on quenching CB to temperatures below zero121, 123, 124, thus suggesting that these 
temperatures could be referring to the transition to this polymorph.  
 
Figure 4.19 Diffusion factors of CB using different techniques. The green triangles represent 
the values obtained from a PG-SE sequence, and the pink circles those calculated from FFC-
NMR measurements upon cooling. Additionally, values for tristearin (black star) and triolein  
(orange cross) were taken from literature234 for reference (taken from reference226). 
As mentioned in the methodology section, FFC-NMR is not a technique frequently 
used for diffusion measurements, therefore, the results obtained needed to be validated. 
This was achieved by performing measurements with a standard PGSTE sequence. The 
results obtained were in agreement not only between the two different techniques, but 
also with literature values, as shown in Figure 4.19, thus validating our results. 
Notably, the diffusion values of CB are considerably closer to those of tristearin than 
those of OOO, which is related to the TAG molecules having two saturated chains, and 
only one oleoyl chain.  
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Figure 4.20 Compressibility of CB as a function of temperature as calculated from velocity of 
sound measurements. The pink dashed line represents the linear fit obtained from the fitting of 
all the data, whereas the blue dotted line represents the extrapolated of the fit in the range of 
25 to 50 °C. 
An overall linear behaviour (pink dashed line)  is observed in the compressibility of 
liquid CB. As expected, with increased temperature, compressibility rises as well, as 
molecules are more mobile and thus more deformable. Note should be taken that a 
small increase in the slope of the curve is present after 50/60 °C have been reached, as 
evidenced by the blue dotted line. 
 
The OSI (110 °C) value of CB was of 14.74 ± 4.4 h, i.e. it is expected to remain stable 
for at least 10 h when held isothermally at 110 °C. Therefore, the 10 min used here as 
thermal pre-treatment are not thought to cause extensive oxidative damage. 
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The results obtained by the different techniques used, although differing in the specific 
values of  induction times and crystallisation rates, showed a consistent trend between 
the different Timax treatments. This is particularly relevant regarding the SFC 
measurements, for they demanded the largest volume and did not follow a continuous 
cooling ramp, but rather a step-wise cooling. The SFC results confirmed the 
observations made with the other techniques and show that the overall effect of the 
Timax is independent of the method of cooling, with the caveat that specific transitions 
and nucleation times are dependent on the latter. 
In the 50 and the 80 °C treatments, crystallisation occurred as a two-step process within 
the first two hours of the isothermal period (Figure 4.2), in agreement with previous 
research20, 177, 216. Here, the first step was the nucleation into the α-form, followed by 
the transformation and further nucleation into the β’-IV form, until eventually the α-
form disappears. From the SFC (Figure 4.16) and DSC (Figure 4.5) analyses, it was 
possible to determine that in these treatments the first crystallisation event occurred 
during the cooling ramp prior to reaching the 20 °C (i.e. at ca. 23 °C) in agreement 
with literature137, 154, 235. 
The development of the α-form prior to the β’-IV form gives evidence to the 50 and 
80 °C treatments following the Ostwald rule of stages30, which states that the first 
polymorphic form to nucleate will be the least stable one (α-form) as it is the one with 
the lowest energetic barrier. Furthermore, it also indicates that these two Timax are 
sufficient to erase β-polymorphic memory, as defined by van Malssen et al.169, for the 
sample was in the β-V form prior to melting. However, in the 50 °C treatment, it is 
unlikely that the more stable TAGs (tristearin and tripalmitin) were completely molten 
as their Tm is higher than 60 °C
104, 113, 168. Also, they are not expected to have dissolved 
entirely in the liquid oil based on observations made by Norton and Fletcher168, 236, 
where, tristearin crystals displayed a lower solubility in triolein than calculated, 
potentially due to the steric hindrance with the oleic acid double bond, therefore they 
can act as heterogeneous nuclei104, 113, 168. This is supported further by the onset of 
crystallisation occurring during the cooling ramp. It can be argued that if tristearin 
crystals have not melted at 50 °C, they are present in the β-form, leading to 
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crystallisation into the β-V rather than the α-form. Yet, it should be kept in mind that 
tristearin is a fully saturated TAG, therefore, its β-form is organised in a 2-L lamellar 
structure, which is not the ideal conformation for the main TAGs of CB as they contain 
an unsaturated oleic FA, thus requiring a 3-L arrangement for the β-V form to develop. 
Furthermore it is noted that the lack of crystallographic evidence of the β-form of 
tristearin during the initial stages of crystallisation is not detrimental to the hypothesis 
here presented, as its content in CB is very low, thus making it practically impossible  
to be detected by SAXS237, especially when using a lab-based source.  
In contrast to the previous two treatments, the 110 °C sample crystallised at a later 
stage, and even though the DSC and SFC measurements show a two-step 
crystallisation process within the first two hours, the SAXS and WAXS measurements 
showed a different behaviour, suggesting that the second event might be related to 
crystal growth or further nucleation. The difference between the different techniques 
can be attributed to heat transfer differences due to changes in the sample size, as well 
as surface area in contact with the cooling medium. In the case of the DSC, the bottom 
of the pan is in direct contact making heat transfer more efficient. In the NMR, a larger 
sample (mL) is used and only the walls of the tube are in contact with the cooling 
medium. Finally, in the SAXS, only the two edges of the capillary are in contact, but a 
smaller sample (µL) is used, hence heat transfer is expected to lie between the other 
two treatments.  
Moreover, in the 110 °C treatment, no well-defined Bragg peaks could be observed 
within the first two hours, thus showing a similar behaviour to that observed in oleic 
acid by Yoshimoto and Sato138. Also, crystallisation did not start directly into the α-
form, but rather a broad peak developed in the SAXS regime covering the positions of 
all three main polymorphs, thus not allowing it to be assigned to a specific form. 
Nevertheless, it eventually refined into a less broad peak mainly covering the spatial 
regime of the α- and β’-forms. Nucleation into multiple polymorphs was previously 
observed by van Malssen, et al.20, 177, when using a Timax of 60 °C and a cooling rate of 
0.25 °C/min, suggesting that the increase of the Timax used has a similar effect to that 
of applying a very slow cooling rate, thus allowing for a better packing of the TAGs 
from the start, without requiring to organise only in a step-wise manner.  
116 
In the wide-angle region, it took longer for peaks to develop, which were subsequently 
identified as those belonging to the β´-IV polymorph. The previous observation 
indicates that TAGs arrange into a lamellar structure prior to the FA chains organising 
into a specific sub-cell, as observed by Ueno et al.238 in StOSt. This may be explained 
by the the orthorhombic sub-cell of the methyl chains requiring a certain degree of tilt 
of the lamellar structure to develop an increased amount of trans conformers.  
The 110 °C treatment led not only to a later crystallisation onset, but also to a 
prolonged presence of the long-scale diffraction peaks of the α-phase. This could 
initially be considered a disadvantage, because a higher proportion of the metastable 
forms could lead to undesirable sensory characteristics and a reduced stability in 
chocolate214, 239. However, considering that in the wide-angle only peaks corresponding 
to the β’-IV form were observed, it is likely that rather than indicating a continuous 
presence of the α form because of an increased stability, these peaks are an indication 
of newly formed 2-L lamellar stacks which tilt and pack into an orthorhombic sub-cell 
giving rise to β’-IV crystals. 
Regardless, even if there were a prolonged presence of the α-form in the early stages, 
its potential detrimental effects are overcome by the earlier development of a more 
stable β-V polymorph as determined by the melting points observed by polarised 
microscopy (Figure 4.8). This result is remarkable, for it was also observed in the 80 °C 
treatment.  Such behaviour could be explained in the 110 °C treatment by the earlier 
development of the β’-form, thus helping the development of the β-V, in accordance 
to the Ostwald rule of stages30. Another possibility is that by presenting a lower amount 
of crystallised material, there is an increased molecular mobility, which allows for an 
easier re-arrangement of the FA chains. This hypothesis is supported by the 110 °C 
treatment developing new morphologies and more crystal growth than the other two 
treatments. However, the 80 °C treatment did not present the initial simultaneous 
formation of 2-L and 3-L structures, as the 110 °C treatment did, and reached similar 
crystallisation levels to the 50 °C treatment, as observed by DSC and SFC 
measurements (Figure 4.5 and Figure 4.16). Therefore, the earlier development of the 
β-V is thought to be directly related to the use of a higher Timax and enhanced by the 
differences in the amount of crystalline seed material. This could be related to a 
fractionation of the fat in its different species (fully saturated and mono-unsaturated), 
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thus generating crystals with a more homogeneous composition, and a consequent 
higher stability. The latter is supported by the slightly higher melting points observed 
by PLM and by the different morphologies observed in it. 
 
Figure 4.21 Proposed transformation pathways from a 2-L (A and B) to a 3-L (C and D) 
lamellar arrangement. From A to C TAG molecules only shift in the c axis to create the 3-L 
structure, which is not stable as the oleic acid (marked in blue) still causes steric hindrance by 
being next to a fully saturated chain. This is then followed by a flip of the oleic acid and one 
of the saturated chains so that all oleic chains lie next to each other (C to D). Alternatively, this 
last step can occur first (A to B) and then followed by the shift in the c axis (B to D). 
The earlier transformation into β-V, although dependent on the actual Timax applied, 
might also affect molecular arrangements through intramolecular motions, depending 
on the FA chain mobilities. Whilst intermolecular shifts are still needed to transform 
from a 2-L to a 3-L lamellar structure, it is plausible that the FA chains have a higher 
amount of synclinical conformations, in comparison to fully-extended antiperiplanar 
conformations240, i.e. they retain a higher freedom of mobility, even when in the β’-IV 
form. This allows them to arrange more easily into a triclinic sub-cell. This is supported 
by the behaviour of the β-V-form WAXS peaks, which, whilst always developing after 
the SAXS peaks, appear after a shorter period of time when a higher Timax is used 
(Figure 4.2). In addition to the larger amount of synclinical conformations present in 
the FA chains, the conformation of the TAG molecule is also relevant. Whilst Tascini 
et al.146 through computational simulations have determined that the tuning-fork 
conformation is the one present in higher proportion, other conformations, such as the 
118 
chair, are also present. This is not particularly relevant in mono-acid TAGs, but it is in 
mixed saturated-unsaturated TAGs as is the case of CB. If a tuning-fork conformation 
is present, for a 2-L to a perfected 3-L structure transition to occur, only a shift in the 
c-axis is required (Figure 4.21 B to D). Instead, for the chair conformation the first and 
second FA need to flip to transform into the trident conformation (Figure 4.21 A 
transitioning into B, or C into D) to avoid the steric hindrance caused by the oleic acid’s 
unsaturation.  
Further evidence towards the delayed crystallisation, and enhanced β-V transformation 
not being related to higher intermolecular motions, at least not in the bulk, is found in 
the diffusion measurements. Here, no difference was observed between the values 
obtained from CB cooled down from either 50 or 100 °C, therefore a similar behaviour 
would be expected also on cooling from 80 °C. Nevertheless, there might be local 
diffusion, micro-viscosity changes due to the proposed shifts in the c-axis described 
above. Further studies in this area might prove more insightful as they could show 
inhomogeneities in the molecular motion that could help explain the observed 
behaviour241, 242. This is motivated by the preliminary studies performed by Dibildox-
Alvarado and co-workers who observed an increase in the microviscosity of TAGs 
containing at least one palmitic acid149. Not only this, but to understand the process of 
2-L to 3-L transformation, 13C-NMR studies would be recommended, to determine 
which sections of the chain have a higher mobility. 
From the diffusion measurements, also relevant information about the energy of 
activation was obtained. The estimated energy and D0 values were only comparable to 
those in literature, when a temperature of 100 °C was used. Further supporting that 
heating CB to 50 °C is not sufficient for fully melting CB, based on the hypothesis of 
fully saturated TAGs (tristearin and tripalmitin) crystallising separately from the rest, 
forming crystal structures with melting points above 50 °C104, 124, 136. Additionally, CB 
did not display a typical Arrhenius behaviour, but was better fitted with a VFT 
model207, which describes a variable rate of diffusion increase alongside temperature. 
Such behaviour would not be expected, if full melting had occurred at about 50 °C, as 
the system’s diffusion would keep increasing monotonically with temperature after 
reaching this temperature. However, it is around 50 °C that the rate first starts to level 
off, but after 70 °C are reached, it starts increasing again slightly (Figure 4.17). This 
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behaviour was observable, though at a lower degree, in the compressibility 
measurements (Figure 4.20), thus suggesting that the assumed liquid has a higher 
degree of structuring below such temperature. From this it is clear that more detailed 
measurements are required in this range of temperatures. 
The differences between the 50 °C and the other two treatments are thus explainable 
from the diffusion measurements, due to the change of slope at 70 °C, as well as the 
high melting points of the fully saturated TAGs in CB. Whilst tristearin has a melting 
point above 70 °C, when in the presence of tricaprin (Tm<40 °C), at temperatures 
between 40 and 50 °C, it is soluble in concentrations up to 1 %236; however, this is less 
than the total amount of fully saturated TAGs in this CB (2%). Also, in the presence 
of triolein, Norton et al.168 found that tripalmitin and tristearin, at mole fractions below 
0.04, have a lower solubility than expected as determined by the higher melting points 
(50-60 °C) exhibited by the mixtures, in comparison to the theoretical predictions. Thus 
supporting the hypothesis presented here that 50 °C are not sufficient to fully melt or 
promote solubilisation of the fully saturated TAG species. 
Contrastingly, the 80 and 110 °C treatments are expected to ensure the melting of the 
fully saturated TAGs, hence, these cannot can be used to explain the observed 
differences in kinetics (Figure 4.1).  Regardless, it must be kept in mind that CB has 
other fully saturated minor components104, 114, 177, 243, 244 with melting points of 
approximately 80 °C, such as glycolipids, di- and monoacylglycerols245-247. Therefore, 
if the work by Wang139, where it was observed that TAGs need to be heated up to 6 °C 
above their melting temperature to avoid crystal memory, is extrapolated to these 
minor components, the ideal melting temperature of CB would be of approximately 
86 °C. Thus reinforcing the need to perform further experiments in the temperature 
range between 80 and 110 °C. 
By thermally pre-treating CB to higher temperatures, the minor components, which 
can serve as heterogeneous nucleation sites when not properly heated120, 248-250, melt, 
thus delaying the onset of crystallisation. However, as mentioned before, the increase 
of Timax also caused the transformation into the β-V-form to be enhanced. This is also 
thought to be related to the minor components, which during the cooling ramp can be 
expected to crystallise separately, thus limiting their ability to act as fillers of the 
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defects in the crystal lattice120 or to create compound crystals. Therefore, they would 
no longer hamper polymorphic transformation into the β-V-form.  
The previous hypothesis is considered to be more plausible than that of a melt- or 
strong crystal-memory effect as observed in polymers. Firstly, because it has been 
reported by Davis and Dimick104 that the first crystallisable fraction of CB, after 
heating to 110 °C, has a higher proportion of the aforementioned minor components 
and saturated TAG species than the bulk. Secondly, the melt-memory effect is only 
observable when melting a crystal above its equilibrium melting temperature231, 251, 252. 
In this regard, only one study has been found where the equilibrium melting 
temperature of fats (Tm) has been determined. This Tm is defined as the temperature at 
which an infinite stack of extended chain crystals have reached an equilibrium state 
with the normal liquid, so that surface effects are negligible252. Toro-Vázquez et al.253 
estimated, using the linear Hoffman-Weeks method, that palm stearin has a Tm of 
70.82 °C, which is almost 20 °C above its reported T’m of 53 °C 
254. However, they 
used the the linear approach252 which has been observed to underestimate the Tm for 
approximately 30 °C255, thus making the non-linear Hoffman-Weeks method255, 256 the 
most accurate. Importantly, the linear method assumes that the difference between the 
temperature of crystallisation and the T’m is only caused due to a continuous thickening 
of the lamellae. However, differences also arise from enhanced thickening originated 
from secondary nucleation and kinetic factors255. 
Consequently, CB’s the equilibrium Tm can be expected to be of approximately 87 °C, 
if considering an experimentally determined Tm of 37 °C for the β-VI polymorph
127. 
This would make the 110 °C treatment the only treatment above the equilibrium 
melting temperature. However, further evidence is required to determine if this is the 
case. Such measurements would need to take into consideration that CB is a 
polymorphic fat, therefore, the presence of a single polymorph (β-VI) would be needed 
to ensure that all observed melting points at the different crystallisation temperatures 
are comparable. 
An additional comment is needed on what has been termed in literature as “seed 
crystals”104, 136, 170. These seeds, as mentioned in the introduction, are thought to be 
composed of PLs in an inverse phase, having a melting point above 200 °C129. 
Therefore, even the maximum temperature used in this work (110 °C) would not be 
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expected to melt them. Hence, all studies here refer to a CB where, at best, all 
acylglycerol molecules will have melted, whilst most of the PLs will remain solid, thus 
acting as heterogeneous nuclei, reducing the times of induction. Note, though some 
PLs in their inverse phase have displayed such high melting points, other lipids, such 
as DSPC, at low hydration (< 10 %), have transition temperatures between 80 and 
90 °C257. Thus, reinforcing that 80 °C are still not enough to fully melt all lipidic 
structures within CB, and suggesting that they will also play an important role in its 
nucleation. 
Furthermore, considering the persistence of high melting acylglycerol species at 
temperatures above 50 °C, and that tristearin has been observed to nucleate at similar 
temperatures upon cooling47, 168, 258, then, diffusion (Figure 4.17) and compressibility 
measurements (Figure 4.20) at temperatures below 50 °C would be representative of a 
mix of liquid CB and small crystallites, presumably in the α-form. However, it should 
be kept in mind that these measurements represent the bulk, thus, given that the 
diffusion and compressibility at temperatures below 50 °C still follow the main trend 
of liquid CB, then it is considered that these small crystallites do not have a large 
impact on the behaviour of the bulk. 
So far, the focus of the discussion has been related to the polymorphs developed during 
the first 24 h, where an earlier appearance and more stable variant of the β-V-form was 
observed, when CB was pre-treated at higher Timax. This is desirable in chocolate 
production, as the β-V-form is the key polymorph responsible for some of the 
characteristic sensory properties of chocolate7. Nevertheless, the development of the 
β-VI-form is also relevant. The transformation into this form, contrariwise to the β-V-
form, is not desirable for it has been related to the presence of bloom and a waxy texture 
in the mouth7, 214, 259.  
Here, by increasing the Timax used, a beneficial effect has been observed once more, as 
it delayed the transformation into this polymorph (Figure 4.2), though the 80 °C 
treatment had a stronger effect in this respect than the 110 °C. This was unexpected as 
the latter developed the β-V-form at an earlier stage and did not suffer variations in its 
d-spacing, suggesting a higher degree of stability. Regardless, the difference between 
these two treatments might be attributed to the 110 °C treatment having a lower amount 
of crystallised material during the earlier stages, as evidenced by the lower peak 
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intensity in the small-angle and lower SFC values. The remaining liquid material is 
then expected to crystallise overtime either by attaching itself to other crystals, hence 
helping them grow, or by nucleating separately, as observed in the PLM studies. It is 
this material that is then expected to accelerate the transformation into the β-VI-form, 
as this would lead to purer crystals, i.e. less formation of compound crystals, with a 
higher capacity of transformation.  
Whilst the melting of minor components of CB is considered to be the main driver 
behind the differences between the different temperature treatments, it is important to 
keep in mind the proposed structure of CB in the molten state166. As mentioned in 
Chapter 4 TAGs are thought to associate in clusters in a back-to-back arrangement. 
TAGs from the isotropic medium are then thought to attach to these clusters, thus 
forming the first layer of the known lamellar structures of CB crystals. From the work 
of Sadeghpour et al. 166it was observed that the degree of TAG occupancy of this layer 
decreases with temperature. Therefore, by melting CB at a higher temperature, more 
vacant spaces would need to be filled before crystallisation can start from these sites, 
thus delaying the onset of crystallisation. 
A final comment is required to explain why the X-rays display evidence of 
crystallisation at a much later stage in the 110 °C treatment. While certain differences 
between techniques are expected, the delay of almost two hours observed through X-
ray scattering, in comparison to the other techniques, is remarkable. This, however, 
suggests that though some crystallisation has occurred, crystallite sizes (number of 
lamellae) might be too small to give rise to Bragg diffraction peaks. There are two 
main explanations for this. First, that the degree of overall crystallisation is lower in 
the 110 °C treatment in comparison to the other two, thus not being detectable, which 
is supported by the SFC measurements. Second, that CB is truly nucleating into 
different lamellar structures, both 2- and 3-L, with and without a tilt, thus resulting in 
a large variability of the lamellar length which cannot be picked up by the X-rays, or 
at least is not easily detectable with a lab-based source.  
The first explanation can be easily probed mainly via DSC and SFC measurements, 
though both present certain difficulties in the unambiguous analysis of their results. 
DSC measurements have the problem that the heat released on crystallisation is not 
only relatable to the amount of crystals produced, but also to the polymorph being 
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developed123, 176. Therefore, a higher enthalpy is not a direct indication of the 
percentage of crystallised material, especially in this case, where it has been established 
that polymorphs with higher stability (β’- and β-V-phase) crystallise simultaneously. 
This would explain the sharp increase in heat release observed in the 110 °C treatments 
on cooling, in comparison to the other two treatments (Figure 4.5 A). This observation 
leads to a second problem with the DSC measurements, i.e. the first thermal peak 
evolves during either the cooling ramp or upon reaching the isothermal temperature. 
As mentioned earlier in the results section, this does not allow for enthalpy (area under 
the curve) calculations. However, on comparing the second crystallisation event within 
the first two hours (Figure 4.7), it was evidenced that the maximum enthalpy was lower 
in the 110 °C treatment, even with the development of more stable polymorphs. The 
previous supports the hypothesis of such treatment presenting a decreased amount of 
overall crystallisation during the first two hours. Therefore, though with certain 
downsides, DSC analysis still helped to elucidate the main differences between 
treatments. 
Finally, it was not only the 110 °C treatment were differences were observed. In Table 
4.3, it is evident that the second crystallisation event was detected at an earlier stage 
using DSC and SFC, than with the X-rays. This suggests that this second crystallisation 
event is likely to be more closely related to secondary nucleation, and/or crystal 
growth, than to polymorphic transformation.  
 
Using a variety of techniques, it was observed that pre-treating CB to either 50 or 80 °C 
results in a similar crystallisation behaviour during the first two hours, i.e. a two-step 
crystallisation, first nucleating into the α-phase, followed by transformation, and 
possibly nucleation, into the β’-IV-phase. Contrastingly, the 110 °C treatment seemed 
to crystallise directly into a mix of the α- and β’-IV phases. More importantly, though, 
both the 80 and 110 °C treatments resulted in a delayed transformation/nucleation into 
the β’-IV, but enhanced transformation into the β-V polymorph, in comparison to the 
50 °C treatments. These effects are particularly strong in the 110/100 °C treatments. 
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The differences between the 50 and 80 °C treatments can be attributed to 50 °C not 
being sufficient for the complete melting or solubilising of crystals composed of fully 
saturated acylglycerol species. Differences between the 80 and 110 °C treatments are 
thought to be related to 110 °C being the only temperature at which the minor 
components (DAGs and MAGs, and potentially some PLs) are fully molten and/or 
solubilised. This hypothesis is thought to be more likely than Timax having an effect on 
the overall molecular mobility, as no difference was observed in the diffusion 
measurements of the different treatments. However, local viscosity and diffusion 
changes cannot be discarded. 
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For the studies of the effect of pressure on the crystallisation of CB, two main sets 
of experiments were performed, as previously described in the methodology. The 
first one consisted in pressurising CB (previously cooled to either 26 or 28 °C), 
followed by moulding and cooling. The obtained crystallised CB was then evaluated 
both by X-ray Scattering and DSC. However, such measurements only provide 
information post-treatment, and once the sample has been allowed to mature, i.e. for 
crystals to grow. Thus, they do not allow for the understanding of the mechanisms 
through which the application and/or removal of pressure effects the crystallisation 
behaviour of CB. Consequently, the second set of experiments was performed, 
involving in-situ measurements (X-ray scattering and PLM) during pressurising, 
isobaric, and de-pressurising processes.  
The second set of experiments was then sub-divided into three subsets. The first one 
involved PLM observations of CB temperature and pressure-treated under the same 
conditions as in the first set of experiments. Based on the obtained results, for the 
second subset, which consisted of X-ray scattering measurements, the 100 bar 
treatment was not considered, and an additional temperature of 24 °C was included 
to help promote crystallisation. After de-pressurising the sample, they were cooled 
down to 14 °C. Additional experiments were performed at all three temperatures, but 
only applying 600 bar, followed by heating to 60 °C whilst still pressurised, to 
determine the stability of the formed structures. Finally, the third subset also 
involved PLM observations, but rather than applying a slow de-pressurisation 
protocol, pressure was decreased through pressure jumps in the range of ms. This 
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subset was performed with the objective of obtaining an insight into the effect of an 
almost adiabatic de-pressurisation. 
 
 
All pressure treatments at 28 °C developed β’-IV and β-V polymorphs peaks in both 
the SAXS and WAXS regions, whereas when no pressure was applied, only a 
mixture of α and β’-polymorphs could be observed (Figure 5.1). However, it is 
notable that the 600 bar treatments developed less intense β-V peaks than the rest of 
the treatments. 
 
Figure 5.1 X-ray scattering patterns of pressure treated CB. Figure A corresponds to the 
samples cooled to 26 °C, and figure B to those cooled to 28 °C. The main peaks 
corresponding to the β-form are identified with arrows. The yellow pattern corresponds to 
ambient pressure, the blue (dashed) to 100 bar, the green (dotted) to 200 bar, the pink (dash-
dot) to 400 bar and the purple (dash-dot-dot) to 600 bar. 
 
The DSC thermograms showed that all treatments mainly developed a broad peak 
centred at ca. 36 °C corresponding to the β-V form (Figure 5.2). This peak, however, 
is not symmetrical and starts developing at approximately 20 °C, but increases 
drastically in intensity at roughly 28 °C, which suggests a small presence of the α-
form, originated by the initial cooling to -30 °C, and a stronger one of the β’-IV form. 
In addition, from ambient pressure to 200 bar, at both temperatures, the centre of the 
peak shifted slightly towards the right. Regardless, it is not considered significant as 
at 400 and 600 bar the peak centre shifts back to the right. 
A B 
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Figure 5.2 Melting thermograms of pressure treated CB. Figure A shows CB treated at 26 °C, 
and figure B CB treated at 28 °C. The yellow pattern corresponds to ambient pressure, the 
blue (dashed) to 100 bar, the green (dotted) to 200 bar, the pink (dash-dot) to 400 bar and 
the purple (dash-dot-dot) to 600 bar. 
 
PLM allowed the observation of either the presence or absence of crystallisation. 
Here, it was possible to observe that none of the treatments crystallised at 100 bar 
(Figure 5.3), and only the 26 °C displayed evidence of crystallisation at the end of 
the isobaric period at 200 bar. CB, quenched at either 26 or 28 °C, and pressurised 
to either 400 or 600 bar crystallised. However, whilst the 400 bar treatment required 
the pressure to be held for a few seconds before developing crystalline material, the 
600 bar treatment had already started to crystallise prior to reaching the set pressure. 
Regardless of the previous, all crystals, in all treatments, melted on releasing the 
pressure (Figure 5.4), suggesting the melting points of the crystalline forms is of 








Figure 5.3 PLM images of CB quenched at different temperatures followed by a 
pressurisation, isobaric treatment, and de-pressurisation. Panels A-F represent treatments at 
26 °C treated at 100 (A, B), 200 (C, D), 400 (E, F) bar. In all cases, the panel on the left is 
the first image taken on reaching the selected pressure, and the panel on the right corresponds 










Figure 5.3 (cont). PLM images of CB quenched at different temperatures followed by a 
pressurisation, isobaric treatment, and de-pressurisation. Panels G-H represent treatments at 
26 °C treated 600 bar. Panels I-L represent treatments at 28 °C treated at 100 (I, J), and 200 
bar (K, L). In all cases, the panel on the left is the first image taken on reaching the selected 







Figure 5.3 (cont.) PLM images of CB quenched at different temperatures followed by a 
pressurisation, isobaric treatment, and de-pressurisation. Panels M-P represent treatments at 
28 °C treated at 400 (M,N) and 600 bar (O, P). In all cases, the panel on the left is the first 
image taken on reaching the selected pressure, and the panel on the right corresponds to the 
last image of the isobaric treatment.  
 
  
Figure 5.4 PLM images of thermally and pressure-treated CB after releasing the pressure 
back to atmospheric conditions. Both panels are 400 bar treatments, panel A at 26 °C, and 
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As in the first set of experiments the release of pressure was performed manually by, 
it was considered that the observed melting of the crystals could be related to an 
isothermal pressure-release, and it is presumed that the machine used for the 
preliminary experiments releases the pressure in an almost adiabatic manner for it 
occurs in less than a second. Therefore, for the second set of experiments pressure-
jumps were used. However, as can be seen in Figure 5.5 C, the crystals melted once 
more after returning to ambient conditions. 
 
 
Figure 5.5 PLM images of CB quenched to 26 °C (panel A), pressurised to 400 bar and held 
isobarically for 2 min (panel B) and de-pressurised, using a pressure-jump, to ambient 
conditions (panel C).  
During the cooling experiments, on decreasing the temperature down to 20 °C, 
crystallisation progressed as evidenced by the increase of intensity of the white 
specks across the field of vision. This was expected as in the isothermal experiments 
crystallisation started even before reaching such temperature (Chapter 4). 
Furthermore, these crystals did not melt on releasing the pressure, which allowed the 
determination of their melting point, and suggested that the generation of these 







Figure 5.6 PLM images of CB quenched to 26 °C (panel A), pressurised to 400 bar, and held 
isobarically for 2 min (panel B), followed by a cooling ramp down to 20 °C. Panels C-F 
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Figure 5.6 (cont.) PLM images of CB quenched to 26 °C, pressurised to 400 bar, and held 
isobarically for 2 min, followed by a cooling ramp down to 20 °C, and de-pressurisation to 
ambient conditions (panel I) . Panels G and H show CB on reaching 21 and 20 °C, 
respectively. Panel J shows the image of a non-pressurised treatment that followed the same 
thermal treatment. 
After the pressure was released, re-focusing was necessary, hence, the area of 
observation was shifted (Figure 5.6 I). Nevertheless, it is possible to observe that the 
change in pressure did not melt the crystals formed after cooling, which allowed for 
the visual determination of their melting ranges. From Figure 5.6 , it is possible to 
observe that without the application of pressure, crystallisation was also induced but 





Melting ranges of crystals cooled to 20 °C 
Table 5.1 Comparison of the melting ranges of the crystalline structures developed during 
isobaric (400 bar) crystallisation of CB thermally treated from 26 to 20°C.  
Condition of measurement Start temperature (°C)  End temperature (°C) 
400 bar 29.97 34.52 
Atmospheric 24.05 28.10 
Atmospheric (no pre-treatment) 22.55 28.29 
 
The melting temperatures at 400 bar were approximately 6 °C above that of those 
measured at atmospheric pressure, which agrees with the values reported by Grenier 
et al.86, 260. The effect of pressure on the melting point of CB also agrees with that 
obtained by using the empirical equation deduced by Yasuda et al.   𝑇 = 0.14𝑃 +
26.689, where T is in °C and P in MPa. Therefore, if we consider that the slope 
remains the same, and only the offset is different (24.05), then at 400 bar, a melting 
temperature of 29.65 °C would be expected, which is quite close to the one here 
observed. 
In the case of the end of melting temperature, the difference between the estimated 
value, 33.4 °C, and that measured, 34.52 °C, is larger. However, it should be 
considered that PLM is not the most precise method of determining melting points 
and more importantly, that the model applied is empirical. Consequently, the 
experimental and theoretical melting points are still considered to be in good 
agreement. 
Independently of the observed temperature increase under pressurised conditions, it 
is notable that the temperature ranges at ambient pressure correspond to those of the 
β’-form rather than the α-form, even if the morphology observed is usually related 
to the latter. Moreover, in both determinations at atmospheric pressure, the end of 
the melting process was at 28 °C. Whilst this temperature is higher than would be 
anticipated, it can be related to the slow heating rate (ca. 0.8 °C/min) used, which 
based on literature, can induce polymorphic transformations 29, 45, 261-263.  
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Figure 5.7 Contour plots of SAXS (A and C) and WAXS (B and D) of CB quenched to 24 °C 
during pressurisation to 600 bar held for 80 s and de-pressurised to atmospheric conditions, 
and the subsequent cooling to 13 °C (C and D). Panels A and C only show depressurisation 
down to 50, as the diffraction pattern at ambient pressure was measured during the cooling 
protocol. 
The evolution of the crystallisation peaks was initially followed by contour plots, 
such as the ones portrayed in Figure 5.7 (See Appendix A for all treatments). In 
these, it was possible to observe that treatments developed a maximum of two 
structures in the SAXS region, identified from their peaks, at 1.27 nm-1 (49.5 Å) and 
1.117 nm-1 (56.2 Å), as the α1- and α2-forms, respectively. When both forms 
developed, the α2-form was the second one to crystallise and was the least stable of 
the two, as evidenced by its faster disappearance on depressurisation or heating. In 
the WAXS region, only one peak developed positioned at approximately 15 nm-1 
(4.19 Å). For ease of visualisation, the information regarding the conditions under 






Table 5.2 Ranges in which the different crystalline peaks were observable at the different 
Pmax and Tcryst, and Timax treatments. The ranges indicate the pressure (bar) at which peaks 
started developing, and were no longer observable. In cases where the peaks only developed 
during the isobaric period, the time of appearance is identified between brackets in seconds. 
‘---‘ is used to identify where no peaks developed, ‘atm’ indicates the presence of the peaks 
at amospheric pressure. 
Pressure (bar) Polymorph 24 °C 26 °C 28 °C 
Atmospheric α1 atm – atm --- --- 
 WAXS --- --- --- 
200 α1 200 (16 s) – atm 200 (39 s) – atm --- 
 WAXS 200 (57 s) – atm 200 (75 s)* – 
atm* 
--- 
400 α1 50 – atm 400 (14 s) – atm 400 (26 s) – atm* 
α2 400 – 200 --- --- 
WAXS 300 – atm 400 (44 s) – atm* 400 (60 s) – 50* 
600 (Timax50 °C) α1 atm – atm 600 (28 s) – atm 500 – atm * 
α2 550 – 300 600 (70 s) – 50 550 – 250 





α1 atm – atm 400 – atm 550 – atm* 
α2 400 – 300 550 – 400 --- 
WAXS 400 – atm 500 – 50 500 – 50 
* In these treatments the peaks were very broad, not allowing for the calculation of spacings. 
From the previous table, it is evident that at 24 °C crystallisation started even within 
the first 10 minutes of equilibration at ambient pressure, which contrasts with what 
was observed van Malssen et al. 20, who only observed crystallisation after four 
hours. However, these authors only looked at the WAXS region, and in this work, 
crystallisation was made evident solely in the SAXS region, thus underlining the 
importance of always analysing both regions of the scattering pattern during 
crystallisation studies.  
More particularly, at 26 °C, the α1-form developed during the isobaric period 
regardless of the Pmax used, when using a Timax of 50 °C. In addition, when the 
pressure increased from 200 to 400 bar, crystallisation occurred at an earlier stage. 
Surprisingly, though, the 600 bar treatment took longer to crystallise than at 400 bar. 
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Contrastingly, at a higher Timax, in the 600 bar treatment peaks developed during the 
pressure ramp period, rather than during the isobaric time. In all cases, the SAXS 
peaks remained after reducing the pressure to ambient conditions. 
When the Tcryst was increased to 28 °C, the SAXS peak only developed after holding 
the sample at 400 bar isobarically or on increasing the pressure to at least 500 bar, 
the latter being the only condition at which the WAXS peak developed. Overall, this 
wide-angle peak developed at a later stage than the SAXS peak, irrespective of the 
Tcryst used.  Once more, evidence of crystallisation in the SAXS region was evident 
upon the release of pressure, though the peaks were too broad for fitting. 
The α2-form required either higher pressures or longer isobaric times than the α1-
form to crystallise. In the 24 °C treatment, its SAXS peak developed at either 400 or 
550 bar and disappeared on depressurisation to 200 or 300 bar, depending on whether 
the sample had been treated at 400 or 600 bar, respectively. At 26 °C, it only 
developed on applying 600 bar for 28 s, and remained stable on reducing the pressure 
to 50 bar. In contrast, at 28 °C it started developing at a slightly lower pressure, 550 
bar, but disappeared earlier during depressurisation, at 250 bar. As a final comment, 
on increasing the Timax, however, the α2-form did not develop. Hence, the α2-form is 
considered an unstable and transient form. 
The different peaks developed were not only analysed in terms of their time and 
pressure of appearance and disappearance, but also their positions were identified, 
from which d- and short-spacings were calculated and plotted (Figure 5.8 and Figure 
5.10).  Given that the α2-form was only present fleetingly, and in a few of the 
treatments, its d-spacings were plotted independently of those of the α1-form (Figure 
5.10). In the case of the latter, for ease of view, its spacings were summarised in 
Figure 5.8, as it was present in all treatments, and in a larger proportion of the 
pressure protocol. This figure then shows only the values at the start of the 
crystallisation (initial), at the end of the isobaric treatment at Pmax (isobaric), and the 




Figure 5.8 Evolution of the spacings of the pressure-treated CB, from the first well-
developed peak, through the end of the isobaric period at Pmax, and down to 50 bar. Panels 
A and B correspond to the d-spacing at atmospheric pressure and at 200 bar, respectively. 
Panels C and E, correspond to the d-spacings of the 400, and 600 treatment with a Timax of 
50 °C, respectively. Panels D and F show the short-spacings of the 400, and the 600 bar 
treatment with a Timax of 50 °C, respectively. Squares refer to the 24 °C treatment, circles to 
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Figure 5.8 (Cont.) Evolution of the spacings of the pressure-treated CB, from the initial well-
developed peak, through the end of the isobaric period at Pmax, and down to 50 bar. Panel G 
corresponds to the d-spacings and panel H to the short-spacings of the 600 bar treatment 
with a Timax of 100 °C, respectively. Squares refer to the 24 °C treatment, circles to 26 °C, 
and triangles to 28 °C. 
Overall, pressure-treating CB resulted in a small reduction of the d-spacings of the 
α1-form, especially at 28 °C. In the wide-angle region, larger overall variations were 
observed depending on all three parameters; however, on releasing the pressure a 
consistent increase of short-spacings, defined as the difference between the initial 
and final (50 bar) values, was evident in most treatments. The 600 bar treatment was 
an exception as an overall decrease was observed at a Tcryst 26 °C. 
Despite the agreement between treatments on the decrease of the lamellar length (d-
spacing), the specific values and their evolution at the different stages of the pressure 
protocol differed between treatments. At 200 bar, the 24 °C d-spacing remained 
stable during the isobaric period. This is in contrast with the 26 °C treatment where 
the d-spacing decreased (0.4%) during the isobaric time, eventually reaching the 
same d-spacing of the 24 °C treatment after releasing the pressure. Unfortunately, at 
200 bar no peaks developed in the wide-angle, or were too broad to be positioned 
correctly, hence not allowing for further insight in the changes occuring in the FA 
chains. It is important to mention, regardless, that this treatment resulted in the exact 
same d-spacings and behaviour as the ambient pressure treatment, thus indicating 
that it did not impact the lamellar structure, but only the amount of crystallisation, as 




Figure 5.9 Scattering patterns of the 200 bar treatment at 24 °C after 80 s of isobaric time 
(green ‘+’), and its equivalent in time at atmospheric pressure (blue ‘X’) 
At 400 bar, the initial d-spacings at all temperatures were very similar. At this 
pressure, the 28 °C treatment displayed the smallest decrease (0.24 %) in d-spacing 
upon reaching the maximum isobaric time at Pmax. On releasing the pressure, 
however, the d-spacings continued to decrease at all Tcrysts used, especially at 28 °C 
(0.63 %).  
Regarding the short-spacings of the 400 bar treatments, the initial values differed 
between the different Tcrysts in the following order 24 < 26 < 28 °C. Moreover, at all 
Tcryst, the short-spacings suffered an overall increase, especially in the 24 °C 
treatment (1.07 %). Interestingly, the short-spacings of the 26 °C and 28 °C 
treatments remained stable from the first sign of crystallisation to the end of the 
isobaric time, contrarily to the 24 °C treatment where a small increase was observed 
(0.35 %). Upon releasing the pressure, the 26 °C treatment was the one which 
displayed the smallest short-spacing increase (0.36 %), and the 24 °C treatment the 
largest (0.72 %). 
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At 600 bar, a larger overall decrease in the d-spacings is observed when compared 
to the other Pmax, particularly at 24 °C and 26 °C (-1 and -1.34 %, respectively). The 
latter treatment also unexpectedly crystallised at a later stage than the 28 °C 
treatment, and developed the largest initial lamellar structure. Moreover, the 26 °C 
treatment developed the largest d-spacings of all treatments, and whilst it did result 
in a decrease of d-spacing during the isobaric period at Pmax (2 %), on decreasing the 
pressure its d-spacing slightly increased (0.4 %). This last behaviour is in opposition 
to what was observed in the rest of the treatments.  
Regarding the short-spacings, all treatments underwent a decrease under isobaric 
conditions (-1.78, -1.06 and -0.36 % in order of increasing Tcryst), as opposed to the 
400 bar treatment where no change was observed except at 24 °C where a small 
increase was evident. On releasing the pressure, however, at 24 and 28 °C the short-
spacings increased (1.43 and 1.8 % respectively), similarly to the 400 bar treatments.  
Contrastingly, at 26 °C the short-spacing remained stable. Henceforth, its final short-
spacing was the smallest of the three Tcrysts used.  
In contrast to the previous treatment, when a higher Timax was used at a Pmax of 
600 bar, less fluctuations of the d-spacings were observed. Yet, similarly to the 50 °C 
treatment, at 26 °C the largest overall decrease was observed (-1.33 %), and at 28 °C 
the least (- 0.63 %). At a closer look, the initial d-spacings differed, once more, 
between the different Tcryst treatments 24>28>26 °C. Then, during the isobaric period 
at Pmax, the d-spacing decreased at all Tcrysts, but more strongly at 26 °C (-1.33 %). 
On decreasing the pressure to 50 bar, only the 24 °C decreased in d-spacing (0.31 
%), whilst the other two treatments remained stable, unlike any other treatment. The 
previous resulted in the 28 °C treatment having the largest final d-spacing, whilst the 
24 °C treatment remained the lowest. The latter is comparable to the 600 and 400 bar 
treatments.  
As mentioned before, fewer fluctuations in the short-spacings were also observed on 
applying a higher Timax. This dampening effect of the Timax on the effects of the 
application of pressure was stronger in the short-spacings, than in the d-spacings. 
Regardless, similarly to when applying a Timax of 50 °C, the short-spacings decreased 
during the isobaric treatment at Pmax  (1.41, 0.71 and 0.36 % in order of increasing 
Tcryst). Upon reducing the pressure to 50 bar, the short-spacings at all Tcrysts increased, 
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in agreement with the other treatments. This behaviour, just as the initial reduction, 
was stronger at 24 and 26 °C (1.8 and 1.43 %, respectively). Hence, after the full 
pressure protocol, the short-spacings were larger than the initial ones, and with small 
variations between the different Tcrysts applied. The final short-spacings at 24 and 
28 °C are comparable to those obtained on using a Timax of 50 °C, whereas at 26 °C 
the short-spacing is larger (2 %) on applying a higher Timax. 
 
 
Figure 5.10 Evolution of the d-spacings of the α2 form at 400 (A-purple), 600 (B-green), and 
600 bar with a Timax of 100 °C (C-red). The squares correspond to 24 °C treatments, the 
circles to 26 °C and the triangles to 28 °C treatments. 
After describing the behaviour of the α1-form in the small- and wide-angles, we can 
now turn to the α2-form (Figure 5.10). Its evolution also depended on the different 
Pmax, Tcryst and Timax applied. Moreover, as has already been mentioned, only a few 
treatments developed this phase, namely the 24 and 28 °C treatments at 400 bar, all 
treatments at 600 bar, and the 24 and 26 °C treatments at 600 bar with a Timax of 
100 °C. The 400 bar treatment resulted in a small increase of d-spacing at 24 °C 
during the isobaric time (0.34 %), and remained stable on releasing the pressure. 
Similarly, the 28 °C treatment at 600 bar resulted in a small increase in d-spacing 
during the isobaric treatment (0.34 %). Contrastingly, the rest of the 600 bar 
treatments resulted in a small decrease of d-spacings on the application of pressure, 
A 
B C 
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though on depressurising the system, the d-spacing increased (0.34 % and 0.20 % 
for the 24 and 26 °C treatments respectively) and reached a larger value than the 
initial one. On applying a higher Timax, several effects were evident. Firstly, it 
hindered the development of the α2-form at 28 °C. Secondly, it decreased the stability 
of the one formed at 26 °C, understood by its earlier disappearance and larger d-
spacings. Thirdly, at 24 °C larger initial d-spacings were observed, though after the 
isobaric treatment at Pmax the d-spacings are the same between the two Timax 
treatments. 
In summary, it can be said that regardless of the Pmax used, an irreversible decrease 
of d-spacing was observable, whereas the opposite was evident in the short spacings. 
Moreover, at 600 bar, independently of the Timax, a Tcryst of 26 °C resulted in the 
largest variations of spacings, whilst applying 28 °C resulted in the opposite effect. 
In contrast, at 400 bar, the 28 ° treatment was the one that induced a larger variation 
of spacings. Regardless, at this temperature a similar overall decrease was observed 
at all different Pmax. As an additional note, the application of 200 bar did not impact 
the crystal structure at 24 °C, though it did enhance the degree of crystallisation. 
Finally, by increasing the Timax from 50 °C to 100 °C, the effects of the application 
of pressure on molten CB were reduced. 
Crystallisation behaviour of pressure-treated CB upon cooling 
From Table 5.3, it is possible to observe that when using a Tcryst of 26 °C, pressure 
is indispensable to obtain crystals in less than 4 h as determined by van Malssen et 
al. 20. This is evidenced by the pressure-treated samples still presenting Bragg peaks 
after depressurisation, whereas the one at ambient pressure required further cooling. 
However, at 28 °C, none of the treatments retained any Bragg peaks, therefore 
cooling was indispensable for crystallisation. However, all treatments developed the 
α1-form SAXS peak at an average of 24 °C which is not unexpected as the 24 °C 
treatments crystallised without the need of the application of pressure.  Nevertheless, 
it is tempting to say that as the applied pressure increased, the cooling required for 
re-crystallisation is slightly decreased, the 600 bar treatment with a Timax of 50 °C 
being an outlier, as will be discussed further in the next section. Yet, further 
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experiments are needed to ascertain this behaviour as the temperature difference is 
small. 
Table 5.3 Temperatures (°C) of appearance of the different crystalline peaks during the 
cooling protocols of the CB pre-treated at different Pmax, Tcryst and Timax. 
Pressure (bar) Polymorph 24 °C 26 °C 28 °C 
Atmospheric α1 24 23.25 23.71 
 α2 16.49 16.37 16.85 
 WAXS 22.48 20.93 21.59 
200 α1 24 26 23.25 
α2 16.27 16.35 16.41 
WAXS 24 22.62 20.82 
400 α1 24 26 25.98 
α2 15.21 15.98 16.46 
WAXS 24 23.06 21.83 
600 (Timax50 °C) α1 24 26 24.05 
α2 18.80 18.62 --- 





α1 24 26 25.80 
α2 15.37 15.74 16.68 
WAXS 24 23.07 22.80 
 
From Table 5.3, it is possible to observe that when using a Tcryst of 26 °C, pressure 
is indispensable to obtain crystals in less than 4 h as determined by van Malssen et 
al. 20. This is evidenced by the pressure-treated samples still presenting Bragg peaks 
after depressurisation, whereas the one at ambient pressure required further cooling. 
However, at 28 °C, none of the treatments retained any Bragg peaks, therefore 
cooling was indispensable for crystallisation. However, all treatments developed the 
α1-form SAXS peak at an average of 24 °C which is not unexpected as the 24 °C 
treatments crystallised without the need of the application of pressure.  Nevertheless, 
it is tempting to say that as the applied pressure increased, the cooling required for 
re-crystallisation is slightly decreased, the 600 bar treatment with a Timax of 50 °C 
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being an outlier, as will be discussed further in the next section. Yet, further 
experiments are needed to ascertain this behaviour as the temperature difference is 
small. 
Regarding the development of the WAXS peak, presumably belonging to the α1-
form, overall, it required more cooling than the small-angle peak, except at 24 °C of 
the pressure-treated samples as they retained their WAXS peak after releasing the 
pressure. At 26 °C, the temperature at which peaks developed in this region increased 
alongside the Pmax, though this effect was dampened by the use of a Timax of 100 °C. 
At 28 °C the temperatures of peak development are similar between treatments, 
suggesting that at this temperature, it is harder for the FA chains to pack in any sub-
cell, regardless of the previous pressure treatment.  
Regarding the α2-form SAXS peak, it required a higher degree of cooling than the 
α1-form, as would be expected from its later development under pressurised 
conditions. However, whilst most treatments required a similar degree of cooling, 
independently of the Pmax or Tcryst used, the 600 bar treatment is the one that requires 
the least amount of cooling, irrespective of the Tcryst applied. This is particularly 
surprising at 24 °C treatment, for during the pressure treatment, the development of 
the α2-form was comparable, thus, the earlier development on cooling cannot be 
directly associated to remaining structuring. 
Just as the temperatures at which CB re-crystallised upon cooling varied depending 
on the treatment, so did the d-spacings as shown in Figure 5.11. As expected, the 
28 °C treatment resulted in the largest d-spacings of the three Tcryst treatments, even 
after further cooling. This is because the other two treatments had visible (in the 
SAXS regime) remaining crystalline material after the pressure treatment, whereas 
the 28 °C treatment did not. Hence, at the two lower temperatures the crystals that 
have already started perfecting their structure, i.e. tilting, whereas the ones at 28 C 
are incipient, hence being comparable to the treatment at ambient pressure. 
Furthermore, at 24 °C, treatments with a Pmax of or above 400 bar had lower initial 
d-spacings than the other two treatments, and had little variation upon cooling. This 
suggests that the effect of pressure on crystal structure remains even after releasing 
the pressure. Moreover, the d-spacing of the 200 bar treatment remained stable after 
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cooling, whilst that of the ambient pressure sample decreased. This is interesting as 
both treatments had a similar d-spacing behaviour during the pre-treatment. 
 
Figure 5.11 Observed d-spacings of the pressure treated samples observed at the first sign of 
crystallisation, which in the case of the 24 and 26 °C corresponds to the Tcryst, and after 
cooling to 15 °C at 24 (A), 26 (B), or 28 °C (C) after pressure was released. Violet squares 
refer to ambient pressure treatments, dark purple circles to 200 bar, blue upward triangles to 
400 bar, light blue downward triangles to 600 bar, and cyan diamonds to 600 bar with a Timax 
of 100 °C. 
At 26 °C, most pressure-treated samples displayed the same d-spacing behaviour, 
i.e. a slight decrease upon cooling. The only treatment that had a different behaviour 
was the 400 bar one, which presented the smallest initial d-spacing, remaining stable 
after cooling to 15 °C. This is potentially related to this treatment being the first one 
to crystallise of the four different treatments, during the pressure processing (Table 
5.2). As expected, the ambient pressure treatment has the largest d-spacings, for it 
did not crystallise during the previous treatment as no pressure was applied. 
Lastly, the application of a Timax of 100 °C had a strong effect on the crystallisation 
behaviour of the 600 bar treatment. Whilst when applying a Timax of 50 °C, the 26 °C 
treatment resulted in a lower requirement of cooling for the α1-form to crystallise in 
both SAXS and WAXS regimes, the 100 °C treatment resulted in different 
A B 
C 
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behaviours depending on the region of the scattering pattern. In the small-angle, the 
cooling required decreased alongside the Tcryst used on the pressure pre-treatment. 
However, in the wide-angle, the 26 and 28 °C treatments require similar cooling 
conditions, whilst the 26 °C required further cooling. Regarding the α2-form,  a 
strong effect was evident when applying a Timax of 100 °C. Once more, a lower 
cooling was necessary when a higher Tcryst was used during pre-treatment, similarly 
to the α1-form. Regardless, the most striking difference was that the 28 °C treatment 
did result in the development of a peak, as opposed to when a Timax of 50 °C  was 
used, were no peak was observable. This is of particular relevance as the 50 °C 
treatment did develop a peak under pressurised conditions, and the 110 °C treatment 
did not. 
Melting ranges of polymorphs developed during the pressure 
treatment 
As mentioned in the methods section, in addition to the cooling protocol, another set 
of experiments was performed were the objective was to determine the melting 
points of the different peaks developed. Here, the samples were quenched to one of 
the three different Tcrysts, 24, 26 or 28 °C, pressurised to 600 bar, and held isobarically 
for two minutes after which the temperature was raised to 60 °C.   
Table 5.4 Times and temperatures of the start and end of the melting process of the SAXS 
peaks developed during isobaric (600 bar) and isothermal crystallisation of CB. All values 
are in °C. When the starting and ending temperatures correspond to that of the Tcryst (*), this 
indicates that the event occurred during the isobaric period, and the specific time is identified 
between parenthesis. 
Temperature 24 ° 26 °C 28 °C 
Polymorph α2 α1 WAXS α2 α1 WAXS α2 α1 WAXS 







End (°C) 30.90 45.03  42.51 29.70 42.29 40.87 28* 
(90 s) 
43.46 41.24 
Tend-Tstart 6.78 12.12 16.63 NApp 10.15 13.60 NApp 10.15 10.85 
 
Prior to the increase of temperature, all three 600 bar treatments had developed both 
α-forms in the SAXS region, as well as a WAXS peak, thus allowing the study of 
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their stabilities.  The α2-form, in the 24 °C treatment, started melting immediately on 
heating (24.1 °C), consequently, in the 26 °C treatment, it started decreasing in 
intensity within the isobaric period. In the case of the 28 °C treatment, the whole 
melting process occurred prior to the start of the heating ramp. 
The α1-form melted at higher temperatures than the α2-form, suggesting a higher 
stability. In contrast, the temperature at which the melting finished decreased 
alongside Tcryst, the effect being more pronounced in the 26 °C treatment. The 
previous resulted in an enhanced melting rate, evaluated as Tend - Tstart, when a Tcryst 
of 26 and 28 °C was used. Regarding the WAXS region, it behaved in a similar 
fashion to the α1-form SAXS peak, though the actual melting temperatures were 
lower, which was expected as it developed at an earlier stage (Table 5.2).  
 
From the melting points of CB at ambient pressure, 400 bar (Table 5.1) and 600 bar 
(Table 5.4), it was possible to estimate the change in molar volume in CB, when 






 ( 19 ) 
where ΔP is the change in pressure (P2 – P1), ΔT is the change in temperature of 
fusion (T2 – T1), ΔHfusion is the enthalpy of fusion, Tf is the temperature of fusion at 
ambient pressure (in this case it is equivalent to T1), and ΔV is the change in molar 
volume produced by the application of pressure (V2 – V1). A molecular weight of 
861.04 g/mol  was assumed for CB, corresponding to the one of StOSt, and an 
enthalpy of fusion for the alpha form (the one observed here) of 86.15 J/g. Volume 
differences of 0.04667 L/mol and 0.043416 L/mol were obtained at 400 and 600 bar, 
respectively.  
From these volume changes, the work applied (ΔW) to the system, i.e. CB, was 
calculated from equation 20265. 
∆𝑊 =  𝑃∆ ( 20 ) 
where the term on the right is negative as the change in volume is assumed to be 
negative as the material gets compressed. Thus, the work applied at 400 bar is of 
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1866.80 J/mol, and at 600 bar its 2604.96 J/mol. Thus, whilst the difference between 
the ΔV terms is minimal, the work applied per mol increases almost 40 %. 
 
The post-processing analyses, although they did not provide direct evidence on the 
mechanisms through which pressure effects CB crystallisation, they were useful as 
the results gave the first evidence that the application of pressures below 1000 bar 
on cooled CB promoted crystallisation. Yet, the results obtained are mostly in 
opposition to the in-situ measurements, as will be discussed below. Nevertheless, the 
post-processing observations are valuable as they allowed to identify critical 
parameters that need to be considered for the industrial crystallisation of CB, which 
can be extended to that of other vegetable fats, namely the temperature to which the 
fat needs to be heated, and insights into the efficiency of the heat-transfer unit were 
obtained. 
Before discussing the inconsistent post-processing results further, it is important to 
highlight the ambient pressure treatment results observed at 26 °C. This treatment 
commonly leads to an initial crystallisation into the formation the β’-polymorph 
(Figure 5.1b), and only after a holding time of 4 hours20. Thus, the presence of the 
β-V polymorph post-processing suggests that a contamination with small seed 
crystals occurred. Based on the Timax results from Chapter 4, it is likely that this 
contamination came from some small crystalline clusters remaining within the 
machine, as it was only heated to 50 °C prior to any treatment. The second possible 
origin of such contamination is the depositing nozzle, as its tip is in direct contact 
with the surrounding air, the residual material present might not melt completely on 
heating.  
As mentioned earlier, it is not only the treatment at ambient pressure which showed 
surprising results, but most of the post-processing results obtained do not agree with 
those obtained from the in-situ measurements. The main difference is that in all 
treatments, the two polymorphs that developed were the β’- and the β-V forms, 
whereas in the Synchrotron experiments only the development of the α-form was 
evident, even after cooling the CB. It is noted, that comparing different sample 
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volumes used in synchrotron SAXS, and PLM measurements did not significantly 
influence the crystallisation behaviour of CB. From these experiments, it was 
determined that no crystallisation occurred when treating CB at 100 bar (Table 5.2), 
especially at 28 °C. Hence a similar crystallisation behaviour to the treatment at 
atmospheric pressure would be expected, i.e. no presence of the β-V form. 
Furthermore, at 200 bar, once more the β-V form was identified in both Tcryst 
treatments (Table 5.2), whereas the in-situ experiments did not show evidence of 
crystallisation at 28 °C, and only a minor fraction of solid CB at 26 °C was observed 
(Table 5.2). This supports the notion that the pressure-processed β-V crystals have 
been induced by seeds, especially as their presence would explain the inconsistency 
in the behaviour at the different temperatures and pressures.  
Moreover, it was also noted during processing, that the temperature of CB on 
depositing was two or three degrees higher than the set-temperature of the heat 
exchanger. Whilst it could be tempting to explain this result by a heat-release on 
nucleation, the lack of consistent temperature variations suggests otherwise. 
Therefore, it is concluded that the heat-exchanger efficiency was not optimal, 
skewing the results.  
A particularly striking result was that the 600 bar treatment displayed the lowest 
amount of β-V crystals of all pressure-treated samples. This was evidenced by 
SWAXS experiments, which confirmed a predominance of the β’-form instead 
(Figure 5.1). Noteworthy, this was the only consistent behaviour observed at both 
Tcryst, and yet the one that contrasts the most with the in-situ measurement, as in the 
latter, the 600 bar treatment led only to the formation of the α2-form at all 
temperatures (Table 5.3).  
Additional DSC analyses did not provide further insights into the polymorphs 
present in the post-processing, as all treatments behaved in a similar fashion. They 
solely confirmed that a mix of β’-III and β-V was present in all samples with the β-
V form being predominant. This differs from the results in the X-ray Scattering 
experiments, where the β’ and β-V dominance varied between samples. The main 
difference in the experimental protocol concerns the transfer of CB to the X-ray 
Scattering and DSC instruments, respectively. The X-ray Scattering measurements 
were performed within minutes of taking the samples out of the freezer, whereas the 
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DSC measurements were performed after transporting the sample from Leeds to 
York, thus allowing further crystal growth and transformation of the crystals into 
more stable forms. Another difference that needs to be considered is that of sample 
size, as the moulds from which the DSC samples were taken contained a larger 
amount of CB (ca. 8 g) than the samples for the X-ray Scattering analysis, which 
inherently results in slower cooling rates, further increasing the transformation into 
more stable forms44, 47, 49, 50, 53. 
In brief, the post-processing experiments did not show any trend in terms of the 
induced polymorphs at the different pressures applied, most likely due to remaining 
seeds. Thus, no conclusion can be drawn in terms of determining if the application 
of pressures below 1000 bar does induce crystallisation of CB into the more stable 
polymorphs. Nevertheless, it was evident that the bespoke machine requires a more 
efficient cooling system (heat exchanger). More importantly, the machine needs to 
allow higher Timax, at least 80 °C, in order to exclude the contamination with β-V 
seeds remaining from previous treatments. This seeding effect is considered 
undesirable, for it is not controllable and causes a high variability between 
treatments. 
In conclusion, the post-processing measurements were not representative of the 
effects of pressure on crystallisation. Henceforth, the PLM and the in-situ X-ray 
studies are the only ones that provide an insight into what happens throughout the 
pressure treatments on CB. The PLM studies did not allow for unambiguous 
determination of the polymorph developed67, 221, given that only small granular 
specks were observed. However, given their similarity to those usually seen during 
the initial crystallisation stages of the α-form64, 67, 127, 237, this is considered to be the 
primary polymorph present, in agreement with the X-ray studies. Moreover, the 
overall behaviour was also comparable to the synchrotron X-ray studies (Table 5.2). 
At 26 °C, crystallisation was induced at pressures as low as 200 bar (Table 5.3). As 
expected, when using a higher Tcryst, 28 °C, higher pressures were required, i.e. at 
least 400 bar. Furthermore, no crystals were observed to remain on releasing the 
pressure (Figure 5.4 and 1.6) with either method applied (manual or pressure-jump). 
Nevertheless, microscopy181 has a lower resolution than X-ray scattering. 
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In turn, the X-ray scattering measurements did allow for the accurate determination 
of the polymorphic forms developed at the different stages of the pressure treatment: 
a mix of the α1- and α2-forms was observed throughout. From these treatments it was 
evidenced that the best treatment for crystallisation induction was the one at 600 bar 
as it was the only one to develop the α1- and α2-forms at any of the temperatures used 
(Table 5.2). Also, its potential of inducing transformation into the β’-form may be 
enhanced, since its final long and short spacings are smaller than at lower pressures, 
indicating a higher degree of chain tilt and a closer packing of the FA chains in 
agreement with literature266-269. 
Conversely, the short-spacings, though they decreased under pressurised conditions, 
upon releasing the pressure they displayed a reversible behaviour of the chain 
packing (see synchrotron WAXS data in Figure 5.8), i.e. a slightly less dense chain 
packing was re-established. However, the SAXS data did not show the same 
reversibility, but in contrast, the d-spacings kept decreasing with time. While the 
overall lattice changes are minimal (in the order of 0.02 to 0.05 nm, see Figure 5.8), 
this trend was not expected. Most likely, the CB system’s trend to transform with 
time from the α- to the β’-form is slightly more dominant than the effect of pressure 
release, for which a complete reversibility of the d-spacing back to a slightly higher 
lattice spacing would have been expected. Nevertheless, these lattice spacing effects 
under the combined influence of elapsing time and decreasing pressure are almost 
negligible (see above). It is therefore considered that experiments designed for 
following the CB nanostructure for a longer time frame after the final depressurising 
step, would allow to clarify this minute, but clearly observed monotonous trend.  
An exception of this behaviour was the 600 bar treatment, at 26 °C and with a Timax 
of 50 °C. Here, an increase of d-spacing was observed upon releasing the pressure. 
However, considering that this treatment resulted in a slower crystallisation than at 
28 °C, and developed an initial d-spacing larger than the 100 °C treatment, it is 
considered to be an outlier originated, most likely, to inherent variations in the 
amount of heterogeneous nuclei between the samples. The observed delay in the 
onset of crystallisation is associated with the development of less stable structures 
with higher mobility, thus allowing for further deformation under pressure (-1.95% 
, see Figure 5.8) which is not retained after releasing the pressure. 
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Furthermore, at 28 °C, irrespective of the Pmax used, a lower reduction of d-spacing 
under pressurised conditions was observed. This indicates that the application of a 
higher Tcryst leads to more stable structures, in agreement with literature
20, 32, 122, 154, 
270. Notably, whereas in previous studies a higher crystallisation temperature is 
related to the development of higher polymorphs, such as the β’-form20, 32, 122, 154, 270, 
here it is suggested that a higher degree of tilt is indicative of a higher stability. This 
is because it is considered the first step towards transformation into the β’-form, 
which still possesses a 2L lamellar structure but a shorter d-spacing. Moreover, it is 
important to note that treatments at this temperature, surprisingly, resulted in a slight 
retention of crystallinity after the release of pressure, as evident by small broad peaks 
in the range of both 2L and 3L structures that, prior to recrystallisation during the 
cooling profile, they kept coming in and out of existence. This instability can be 
considered the reason behind the different re-crystallisation temperatures observed 
between the different pressure treatments (see Table 5.3), as it suggests a stochastic 
mechanism. However, it is proposed that a longer holding time might help with the 
stabilisation of these small lamellar clusters. 
It is important to note, that the 600 bar treatments with a Timax of 100 °C had a similar 
behaviour to the 50 °C treatments. However, the long and short-spacings developed 
were larger, suggesting the formation of less stable crystalline structures. This is 
reinforced further by the treatments at 26 and 28 °C where upon pressure release, the 
d-spacings did not follow the decreasing trend as other treatments, and displayed a 
slightly higher increase of the short-spacings  
So far, this chapter has focused on the crystallisation of the α1-form which is the 
primary polymorph observed in all crystallising treatments. Nonetheless, as 
mentioned earlier, an additional polymorph was observed, similar to the α2-form 
identified by Mykhaylyk, et al.96-98, 271.  The development of this phase was not a by-
product of the application of pressure, as it was also observable in the treatment under 
atmospheric conditions. This polymorph displayed a highly transient nature. In the 
treatments with a higher Tcryst it started melting prior to the increase of temperature, 
and at 28 °C it even disappeared before full depressurisation (Table 5.2). This full 
melting at 28 °C is not unexpected, considering that the melting temperature range 
obtained from the 24 °C treatment is from 24 to 30.90 °C (Table 5.4). Hence, 28 °C 
does not supply sufficient supercooling to stabilise this structure, and possibly only 
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the longer chain TAGs are the ones that form the ephemeral α2-phase and in a smaller 
proportion than at a lower Tcryst. 
Surprisingly though, even if this form is less stable than the α1-form it still required 
higher supercooling, or higher pressure, in contrast with the findings of Mykhaylyk, 
O. et al. 98. However, this could be related to the apparent lack of a wide-angle peak, 
which suggests that at least under these conditions, this phase is a liquid crystal which 
retains a lamellar structure, but where the FA chains have high mobility, hence 
destabilising the structure.  
Furthermore, in all treatments, upon depressurisation, the d-spacings of the α2-form 
increased. Thus suggesting that any tilting caused by the application of pressure is 
lost, hence underlining the instability of this form. However, it is notable, that as its 
intensity decreased alongside pressure release, the intensity of the α1-form increased 
(see contour plots in Appendix A), i.e. the latter grows at the expense of the former. 
Based on the proposed mixed 2L and 3L structure, it could be assumed that the α2-
form separates, similarly to what has been previously observed on increasing the 
temperature96-98, 271. 
As a final comment it is noted that crystallisation is assumed to start, not only from 
heterogeneous nuclei, but also from the back-to-back TAG clusters proposed in 
Chapter 3. In the particular case of CB, by applying pressure, the mobility of the 
TAG molecules is reduced. Consequently, the degree of occupation of the outer shell 
of the clusters is increased as molecules which had interdigitated with the core of the 
TAG clusters, are stabilised and can no longer go back into the isotropic liquid, thus 
aiding to the onset of crystallisation.   
 
Based on the in-situ experiments performed, it was possible to determine that treating 
cooled CB to pressures in the range of 200 to 600 bar, at 24 to 28 °C, crystallisation 
is induced, but only in the α1- and α2-phases form. Moreover, these crystalline forms 
melt partially or totally on depressurising and, after cooling to 15 °C, they 
recrystallise, but do not transform into more stable polymorphs. Consequently, the 
observed development of the β’- and β-V-forms in the post-processing is only 
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attributable to the maturation of crystals, and more importantly, to residual seed 
crystalline material in the bespoke machine. This highlights the need for the use of a 
higher melting temperature in between treatments. Additionally, further studies are 
suggested to evaluate the effect of pressure on post-processing maturation, 
particularly, polymorphic transformation. 
The in-situ experiments also helped to determine that the application of 600 bar is 
preferable over all other pressures used, as it induced crystallisation under all Tcryst 
applied. The observed d-spacing reduction is expected to promote further 
polymorphic transformation. Moreover, the 28 °C treatment, at this pressure, 
resulted in the most stable lattice spacings.  
In conclusion, the application of pressures below 1000 bar does induce 
crystallisation, following the Le Chatelier principle, which states that the reduction 
of specific volume leads to a transition from liquid to solid. Regardless, when using 
temperatures above 24 °C and 28 °C, pressures above 100 and 200 bar, respectively, 
are required to enhance the thermodynamic driver of crystallisation. The advantage 
of using low pressures is that the kinetic factor does not start to hamper 
crystallisation. Nevertheless, given that only the α-forms developed, and for 
chocolate production it is the β-V polymorph which is desired, further studies are 
suggested to determine if during crystal maturation polymorphic transformation can 
be accelerated by applying pressure pre-treatments of CB, or if a different 
combination of pressure-temperature conditions could induce such polymorph. 
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Two parameters have been explored in this thesis, one more related to fundamental 
research, attempting to elucidate the effects of the initial maximum (melting) 
temperature, Timax, and another related to a potential alternative to current chocolate 
tempering, i.e. the application of medium pressures (1-1000 bar). The first parameter 
is relevant from a fundamental point of view because of the need to establish the 
adequate temperature at which to melt CB prior to any crystallisation studies, to avoid 
any memory or kinetic effects. From a practical point of view, it is important, as the 
chocolate mass can reach temperatures above 80 °C during conching, therefore, studies 
using lower melting temperatures are not fully representative of what occurs during 
processing. Regarding the second parameter, pressure, it has a more evident practical 
application, as new processing methods are always being sought to make chocolate 
tempering more efficient. However, the study here presented provides a glimpse not 
only in terms of the processing technique, but more importantly, about the way that 
medium pressure affects the crystallisation induction times, and the crystalline 
structures promoted. 
CB is known to crystallise in six forms at ambient pressure: γ, α, β’-III, β’-IV, β-V and 
β-VI. In this thesis, under the applied conditions, only forms α, β’-IV, β-V and β-VI 
were observed. From the Timax results, it was determined that this parameter is critical 
for crystallisation studies, as the application of higher temperatures delayed the α-
phase induction, the α→β’-form and β-V→β-VI form transformations, combined with 
a faster transformation into the β-V form. Additionally, developments of new 
morphologies, as observed by PLM, occurred at an earlier stage with the application 
of higher temperatures, and consequently, their melting temperatures were slightly 
increased, as the crystals had more time to perfect.  
Differences between the different Timax treatments were initially thought to be related 
to differences in the self-diffusion of the molecules. However, this was disproved by 
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the FFC-NMR measurements. Regardless, it is plausible that rather than “bulk” self-
diffusion, some differences might be present in local diffusion or microviscosity, as 
observed by Dibildox-Alvarado, et al.149, thus, further studies are required to confirm 
this hypothesis. These studies are relevant as they are performed on the basis of a single 
Browning probe (molecule)272 being driven through the fluid and motion tracked. This 
motion modifies the medium’s microstructure, thus allowing for the measurement of 
its physical properties at the microscale which are expected to change as the liquid 
starts transitioning into a solid, due to the increase of anisotropy. 
Another plausible hypothesis is derived from the liquid structure model, as the 
application of higher Timax is thought to cause an increased stripping of the outer layer 
of the back-to-back TAG clusters in the liquid, thus delaying the onset of crystallisation 
upon cooling, by requiring further time for the outer shell of the clusters to be filled 
again. Nevertheless, combining the previous hypotheses, the main mechanism at play 
is thought to be a crystal memory effect originated from the presence of higher melting 
acylglycerol species in CB. At 50 °C, fully saturated TAGs, such as tripalmitin and 
tristearin are thought to remain solid as their melting points are above 65 °C, and are 
suspected to not go completely into solution, whilst at 80 °C, fully saturated DAGs and 
MAGs cannot be expected to have fully melted as this temperature coincides with their 
melting points. Hence, it would be advisable to perform further experiments in the 
range between 80 and 110 °C, as well as varying holding times to determine at which 
combination of the two the crystallisation kinetics no longer change.  
The memory effects are of relevance as potentially the first layers of the back-to-back 
layers are constructed of the higher melting acylglycerol species, which would then 
take longer to relax and undergo full transformation from solid to liquid, thus requiring 
for longer holding times at the highest temperatures.  These would then impact the time 
required for concentrations of the different components reach an equilibrium in the 
bulk as well due to the possible differences in the microviscosity in different regions 
of the product.  
Whilst the use of different time-temperature combinations would provide indirect 
evidence of the presence of higher melting crystallites, a more direct approach could 
be used. Pure samples of the three main TAGs of CB could be evaluated, followed by 
their combination, and potentially adding fully saturated TAGs and DAGs in a 
representative proportion.  As an alternative approach, the polar compounds of CB 
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could be removed through solid phase extraction, thus serving as a baseline for 
comparison with the model lipid system. However, this alternative is not deemed ideal 
as full removal cannot be secured. 
The aforementioned tests relate only to the lipid molecules present in CB. 
Nevertheless, CB is known to still have some water molecules present. These would 
be expected to be bound to the PLs polar headgroups, therefore, even if in this thesis a 
temperature above the boiling point of water was used, significant water loss is not 
anticipated. However, to confirm this, moisture analysis would be required before and 
after the heat treatment. This is of importance as it could be the origin of changes in 
the structure of CB crystals as the PLs present might change their organisation due to 
changes in their hydration. 
The fact that crystallisation kinetics were modified by increasing the Timax is of 
relevance in the production of chocolate, as mentioned earlier, as these higher 
temperatures are sometimes used during conching. Also, the faster transformation into 
the β-V polymorph is of interest, as it is what the chocolate industry pursues. 
Nevertheless, the studies here presented only used 10 min as holding time, and were 
performed in small samples. Therefore, longer holding times would be advisable, 
though keeping them below the 10 h mark based on the OSI analysis. More 
importantly, however, would be to perform bulk measurements as well as dynamic 
(shear) crystallisation studies, as in industry fats are usually kept in constant agitation 
to ensure an efficient heat transfer. The effect of shear would then need to be evaluated 
first during the application of Timax, and secondly upon cooling. Shear is of relevance, 
not only for making experiments closer to real applications, but also because it has 
been observed to enhance transformation into the β-phase in fat systems270, 273, 274, 
whilst in polymers, the application of shear to the melt led to the formation of smectic 
structures from which crystallisation would start275. The latter is of interest, as it is 
possible to hypothesise that the proposed structures for the liquid CB, could then align 
and form a stronger scaffolding for crystallisation. 
Though the driving force behind this thesis was the applicability of the studies within 
the scope of the chocolate industry, CB also serves as a model fat for other industries.  
Given that higher melting points were observed in the PLM studies, and that 
crystallisation kinetics were slower when a higher Timax was used, it is likely that the 
separation of the higher melting TAG species is promoted. Thus making these studies 
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relevant for fat fractionation, a processing method that is of importance in the palm oil 
industry, for example. Therefore, it would be relevant to assess the effect of different 
Timax on such a system, as it would help understand in more detail if fractionation is 
truly enhanced by modifying this parameter. If this were the case, it would provide the 
fat industry with an aid for such process, provided no oxidative processes were 
enhanced. 
An increased Timax not only affected isothermal crystallisation at ambient pressure, but 
also when applying pressures of 600 bar on CB quenched to 26 and 28 °C. Here, no 
polymorphic transformations were observable, as the pressure-temperature-time 
combination used was not sufficient. The main effects observed on CB, when pressure-
treated, were related to the spacings of the developed polymorphs (α1 and α2), which 
after the full treatment, were larger than those of the 600 bar treatment using a Timax of 
50 °C. Thus, it was possible to determine that a higher Timax has an effect even under 
pressurised conditions. 
The pressure studies were driven by the previously reported promotion of the 
crystallisation of acylglycerol species under pressurised conditions87, 90, 162, 164, 276, as 
well as the initial post-processing analyses which showed promising results for the 
application of medium pressure as an alternative to traditional tempering. However, 
in-situ measurements disproved the results from the post-processing analyses, i.e that 
applying pressures of 200 to 600 bar induced the crystallisation of the β-V form, as 
only the α1- and α2-forms were observable under the applied conditions. Nevertheless, 
it would be of interest to measure the samples after holding the final temperature for at 
least two hours, to evaluate polymorphic transformation. The latter is proposed, as it is 
hypothesised that the 600 bar treatment is likely to induce a faster transformation into 
more stable polymorphs, as upon cooling it developed the α2-form at an earlier stage. 
This polymorph is thought to be an early precursor of the β-polymorphs because of its 
lamellar structure, which is thought to be either a mix of 2-L and 3-L lamellar structures 
or a quasi 3-L structure. 
Regarding the crystalline structures developed in molten CB under pressurised 
conditions, it is considered that the 28 °C treatment is of particular interest as it 
developed the most stable structures, thus defined from the decreased variation of their 
long and short spacings which suffered less variation throughout the full treatment. 
However, given that this temperature corresponds to the high-end of the melting range 
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of the crystalline structures, upon full depressurisation it suffered the largest decrease 
of crystallinity, observed as a decreased intensity in the SAXS region and a complete 
loss of the sub-cell packing. Nevertheless, it is thought that by prolonging the holding 
times, and thus, the size of the crystals, an increased retention of crystallinity, at least 
of the lamellar stacking, could be obtained.  
Returning to the polymorphs observed during the pressure treatments, including the 
blank at ambient temperature, the development of the α2-form in CB is notable, as this 
form has only been clearly identified during the crystallisation of StOSt, which is one 
of the main TAG components of CB. Therefore, further SAXS and WAXS experiments 
would be required to understand its role, if any, in polymorphic transformations, 
initially at ambient pressure only. A singularity of the α2-form here observed is that it 
developed after the α1-form, in contrast to the StOSt studies, though this could be 
related to the mixed composition of CB which adds another hurdle for its 
crystallisation.  
In summary, the application of a higher Timax and Pmax, especially 600 bar, have an 
impact on CB crystallisation, yet the specific mechanisms through which this occurs 
are yet to be fully understood. Particularly those of Timax, as the effect of pressure is 
partially explainable by thermodynamic principles (Le Chatelier, and Clausius-
Clapeyron). This thesis has made it possible to conclude that CB, as humble as it may 
seem, when compared to other fat systems with a larger compositional variation, it has 
a highly complex crystallisation behaviour. Once more answers are obtained regarding 
the mechanisms, or at least the drivers for the observed effects, it should be possible to 
make full use of the parameters studied to improve processing conditions. These 
conditions are not thought to be limited only to the tempering of chocolate, but have 
the potential to be applied in other areas of the fat industry, particularly that of fat 
fractionation. However, at this stage it is mere speculation as confirmation of 
differences in composition is needed.  
Finally, based on what Prof Eckhard Flöter from the Technical University of Berlin 
(Berlin, Germany) said in one of our discussions, that a PhD is about opening the door 
for further research by raising even more questions than when it started, then I believe 
that this one has fulfilled its objective. Whilst it did provide insights on the effects of 
parameters or conditions not previously reported in literature, it has also raised 
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questions as to why these effects were observed, and prompt me to dig deeper to grasp 
further understanding.
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Figure A. 1 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated at ambient pressure and 24 °C. In plots A and B, the white dashed lines indicate 
the frames equivalent to when the 200 bar pressure would have been reached (bottom line), 
and when the pressure would have been decreased to 50 bar (top line). On the left hand side 
of panels C and D, the temperature profile during the post-processing cooling to 15 °C is 
displayed. The white area observed in panel B was caused by problems with the detector 
which caused loss of data. Regardless, they are not deemed problematic as they are frames 








Figure A. 2 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated to 200 bar and 24 °C. On the left hand side of panels A and B, the pressure 
profile during the pressure treatment is displayed, it is not shown as a continuous line as it 
was performed in a step-wise manner (see Materials and methods). On the left hand side of 
panels C and D, the temperature profile during the post-processing cooling to 15 °C is 
displayed. The white area observed in panel B was caused by problems with the detector 
which caused loss of data. Regardless, they are not deemed problematic as they are frames 









Figure A. 3 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated to 400 bar and 24 °C. On the left hand side of panels A and B, the pressure 
profile during the pressure treatment is displayed, it is not shown as a continuous line as it 
was performed in a step-wise manner (see Materials and methods). On the left hand side of 










Figure A. 4 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated to 400 bar and 24 °C. On the left hand side of panels A and B, the pressure 
profile during the pressure treatment is displayed, it is not shown as a continuous line as it 
was performed in a step-wise manner (see Materials and methods). On the left hand side of 










Figure A. 5 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated with a Timax of 100 °C, a Pmax of 600 bar and a Tcryst of 24 °C. On the left hand 
side of panels A and B, the pressure profile during the pressure treatment is displayed, it is 
not shown as a continuous line as it was performed in a step-wise manner (see Materials and 
methods). On the left hand side of panels C and D, the temperature profile during the post-









Figure A. 6 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated at ambient pressure and 26 °C. In plots A and B, the white dashed lines indicate 
the frames equivalent to when the 200 bar pressure would have been reached (bottom line), 
and when the pressure would have been decreased to 50 bar (top line). On the left hand side 
of panels C and D, the temperature profile during the post-processing cooling to 15 °C is 
displayed. The white area observed in panel B was caused by problems with the detector 
which caused loss of data. Regardless, they are not deemed problematic as they are frames 









Figure A. 7 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated to 200 bar and 26 °C. On the left hand side of panels A and B, the pressure 
profile during the pressure treatment is displayed, it is not shown as a continuous line as it 
was performed in a step-wise manner (see Materials and methods). On the left hand side of 









Figure A. 8 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated to 400 bar and 24 °C. On the left hand side of panels A and B, the pressure 
profile during the pressure treatment is displayed, it is not shown as a continuous line as it 
was performed in a step-wise manner (see Materials and methods). On the left hand side of 
panels C and D, the temperature profile during the post-processing cooling to 15 °C is 
displayed. The white area observed in panel B was caused by problems with the detector 
which caused loss of data. Regardless, they are not deemed problematic as they are frames 









Figure A. 9 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated to 600 bar and 26 °C. On the left hand side of panels A and B, the pressure 
profile during the pressure treatment is displayed, it is not shown as a continuous line as it 
was performed in a step-wise manner (see Materials and methods). On the left hand side of 










Figure A. 10 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated with a Timax of 100 °C, a Pmax of 600 bar and a Tcryst of 26 °C. On the left hand 
side of panels A and B, the pressure profile during the pressure treatment is displayed, it is 
not shown as a continuous line as it was performed in a step-wise manner (see Materials and 
methods). On the left hand side of panels C and D, the temperature profile during the post-








Figure A. 11 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated at ambient pressure and 28 °C. In plots A and B, the white dashed lines indicate 
the frames equivalent to when the 200 bar pressure would have been reached (bottom line), 
and when the pressure would have been decreased to 50 bar (top line). On the left hand side 
of panels C and D, the temperature profile during the post-processing cooling to 15 °C is 
displayed. The white area observed in panel B was caused by problems with the detector 
which caused loss of data. Regardless, they are not deemed problematic as they are frames 








Figure A. 12 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated to 200 bar and 28 °C. On the left hand side of panels A and B, the pressure 
profile during the pressure treatment is displayed, it is not shown as a continuous line as it 
was performed in a step-wise manner (see Materials and methods). On the left hand side of 
panels C and D, the temperature profile during the post-processing cooling to 15 °C is 
displayed. The white areas observed in panel A were caused by problems with the detector 
which caused loss of data. Regardless, they are not deemed problematic as they are frames 









Figure A. 13 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated to 400 bar and 28 °C. On the left hand side of panels A and B, the pressure 
profile during the pressure treatment is displayed, it is not shown as a continuous line as it 
was performed in a step-wise manner (see Materials and methods). On the left hand side of 
panels C and D, the temperature profile during the post-processing cooling to 15 °C is 
displayed. The white areas observed in panels A and B were caused by problems with the 
detector which caused loss of data. Regardless, they are not deemed problematic as they are 









Figure A. 14 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated to 600 bar and 28 °C. On the left hand side of panels A and B, the pressure 
profile during the pressure treatment is displayed, it is not shown as a continuous line as it 
was performed in a step-wise manner (see Materials and methods). On the left hand side of 
panels C and D, the temperature profile during the post-processing cooling to 15 °C is 
displayed. Note should be taken that the temperature profile is not continuous, as compared 
to the rest of the treatments. This is because measurements stopped and had to be restarted; 








Figure A. 15 Contour plots of the SAXS (A and C) and WAXS (B and D) scattering patterns 
of CB treated with a Timax of 100 °C, a Pmax of 600 bar and a Tcryst of 28 °C. On the left hand 
side of panels A and B, the pressure profile during the pressure treatment is displayed, it is 
not shown as a continuous line as it was performed in a step-wise manner (see Materials and 
methods). On the left hand side of panels C and D, the temperature profile during the post-
processing cooling to 15 °C is displayed. 
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